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Abstract:

The design, synthesis, and fabrication of functional nanomaterials with specific properties
remains a long-standing goal for many scientific fields. The self-assembly of sequence-defined
biomimetic synthetic polymers presents a fundamental strategy to explore the chemical space
beyond biological systems to create advanced nanomaterials. Moreover, subsequent chemical
modification on existing nanostructures is a unique approach for accessing increasingly complex
nanostructures and introducing functionalities. Of these modifications, covalent conjugation
chemistries, such as the click reactions, have been the cornerstone for chemists and materials
scientists. Herein, we highlight some recent advances that have successfully employed click
chemistries for the post-modification of assembled one-dimensional (1D) and two-dimensional
(2D) nanostructures to achieve applications in molecular recognition, mineralization, and
optoelectronics. Specifically, biomimetic nanomaterials assembled from sequence-defined

macromolecules, such as peptides and peptoids, are described.
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1. Introduction

The continuous demand for novel nanomaterials in many biological and technical
applications propels researchers to develop new synthetic methods in a modular and controlled
fashion. Self-assembly has emerged as an important tool for fabricating nanostructures with
predictable morphology and desired functionality using a bottom-up approach. In this method,
molecules are designed to associate and self-assemble into well-defined nanostructures with
diverse architectures and unique properties. In particular, sequence-defined synthetic polymers
have been developed as the building blocks to fabricate tunable and robust biomimetic materials
for applications in drug delivery, tissue engineering, biomineralization, molecular imaging,
sensing, and water decontamination.!"'> Among these sequence-defined macromolecules, synthetic
peptides and their mimics (i.e. peptoids) have gained significant attention for nanomaterial
fabrication due to their inherent high-information content, ease of synthesis, biocompatibility, and
tunability.>® Furthermore, access to advanced functional nanomaterials is of considerable interest,
especially for achieving hybrid hierarchical structures composed of organic and inorganic
constituents with multilength scales.> ® >4 Although there remains a challenge to precisely place
discrete components (i.e. nanoparticles and biomacromolecules) on macromolecular assemblies
and control their loading and local microenvironment, considerable progress has been made in the
rational design of such complicated systems.!*!'® A key strategy for incorporating greater
complexity into existing nanomaterials is realized via post-synthetic functionalization.!'> 6 1920
This process refers to a self-assembling macromolecule that contains a reactive functional group,
and once the assembled structure has formed, a second molecule is added to specifically react with
that modification on the surface. The ability to covalently modify the chemistry on a material’s

surface can tune the local environment, enhance stability, and most importantly, impart



functionality.!> !> 21-2* Of the many existing covalent chemistries available, “click”” chemistry is
arguably the most powerful methodology at hand. Proposed and defined by Sharpless et al.> in
2001, click chemistry refers to a set of reactions with incredible efficiency, versatility, and
selectivity. Since then, it has served as a fundamental strategy for the modular synthesis of complex
nanomaterials with distinct functions in the materials science field.?> 2% 27

In this mini-review, we focus on the post-modification of peptide and peptoid-based self-
assemblies using click chemistry. We believe that modifying macromolecular assemblies with
click chemistry can (i) tune the local environment, (ii) direct the fabrication of hybrid materials,
and (iii) create advanced nanomaterials with diverse functionality. First, we introduce the well-
established click chemistry toolbox, followed by briefly describing biomimetic building blocks for
self-assembly, and then elaborating on peptide and peptoid-based self-assembly motifs. From there,
we highlight recent advancements in using click chemistry to modify self-assemblies to enhance
programmability, as well as introduce functionality for various applications, such as molecular
recognition,?® mineralization,?® and optoelectronics.'> ! We also discuss some potential areas that
could benefit from post-modification of macromolecular assemblies using click chemistry, such as
enzyme mimetics for catalysis applications.!” '® Finally, we conclude by indicating the vast
potential of using well-studied chemistries to enrich biomimetic self-assemblies and achieve
materials with designed functionalities. We hope this work will provide stimulation for new
research to develop functional hybrid nanomaterials that bridge well-defined structures and facile
covalent chemistry for a variety of applications.
2. Click chemistry toolbox

The concept of click chemistry was first introduced by Sharpless and co-workers in 2001.%3

Since its inception, it has proven to be one of the most valuable methods for chemical



transformations widely used across synthetic chemistry, biology, materials science, and
engineering disciplines.?? 2% 27230 Click chemistry describes reactions that are specific, modular,
and highly efficient under mild conditions. The beauty of these reactions is that their byproducts
are minimal, side reactions are limited, and functional groups are well-tolerated. These criteria
become even more stringent when applied to biological systems as the reactions must be
biorthogonal, catalyst-free, stable in water and oxygen, and contain non-toxic functional groups.??
The most prevalent click reaction is the copper (Cu(l)) catalyzed [3+2] azide-alkyne cycloaddition
(CuAAC) to form stable 1,2,3-triazoles.*! 3 To mitigate potential toxicity from Cu catalysts for in
vivo applications, Bertozzi and co-workers developed a catalyst-free click reaction by employing
a cyclooctyne alkyne activated by ring strain, thus termed strain-promoted azide-alkyne
cycloaddition(SPAAC).33 ** Although azide-alkyne cycloadditions have dominated the existing
body of literature, other conjugation reactions have been widely employed. For example, Sharpless
and co-workers recognized another click reaction known as the Diels-Alder [4+2] cycloaddition
which occurs between a diene and a dienophile to form a stable cyclohexane product.?> This
reaction is known to be reversible upon thermal heating, termed retro-Diels-Alder, and can be
performed between furan and maleimide.>® Another important class of click-like reactions is the
versatile thiol-ene and thiol-Michael reactions, which have emerged as a method to achieve
quantitative conversions under mild conditions.***® In particular, the thiol-maleimide coupling
reaction has been commonly used for the conjugation of biomolecules to small molecules and
macromolecules due to its unique reactivity in terms of selectivity and yield, as well as stability.>
The described reactions are summarized in Figure 1. While not all these reactions have been used
in the specific examples in this review, we felt it was important to provide an overview of the

existing click chemistry toolbox.
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Figure 1. Summary of click or click-like reactions used for conjugation chemistry: (a) CuAAC,
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(b) SPACC, (c) thiol-maleimide reaction, (d) thiol-ene reaction, and (e) Diels-Alder reaction.

3. Self-assemblies from biomimetic building blocks

In nature, self-assembly governs the process by which monomeric units assemble into
ordered hierarchical structures, resulting in the transformation of simple building blocks into
sophisticated materials with distinct functionality.> & 8 10- 4042 Thig pathway is described by
molecules undergoing spontaneous association under favorable thermodynamic conditions to form
stable and well-defined aggregates. The formation of such systems is held together and modulated
predominantly by non-covalent forces, such as electrostatic bonds and hydrogen bonds, as well as

van der Waals, hydrophobic, and - 7 interactions.****” In biological systems, high-information



biomacromolecules, such as peptides and nucleic acids, are the foundation of many diverse
structures, including folded proteins and double-stranded DNA. Since there is great interest in
imitating the structure and function of these sequence-defined macromolecules in nature,
molecular self-assembly has been a vital tool for new material discovery in the chemical space.> >
8,10, 48-50 To achieve higher chemical diversity and control over morphology, sequence-defined
synthetic polymers, such as peptides and peptoids, have been developed to mimic and even surpass
the properties of their biological counterparts.®”’
3.1 Peptides

Among the most common biomimetic sequence-defined polymers are synthetic peptides.
Peptides consist of amino acids and are the major constituents in many biomacromolecule
assemblies in nature.> " ° Even though there are only 20 natural amino acids, the numerous
sequences that result from their combinations produce incredible diversity. Peptide synthesis is
well established, using three main methods: solid-phase peptide synthesis, ring-opening
polymerization of N-carboxyanhydride (NCA), or protein biosynthesis.’! > Depending on the
configuration of amino acid substituents on the side chains, peptides can adopt conformationally
stable secondary structures, such as a-helices and B-sheets.> ”-° Because of these attractive features,

peptide self-assembly has been extensively utilized as a fabrication strategy for self-assembled

53 5 12, 56 57-59

nanostructures, such as hydrogels,>® micelles,>* vesicles,> nanofibers, nanotubes, and

nanosheets.%% ¢! To achieve post-modification of peptide assemblies for functionalization, reactive

units (i.e. alkyne and azide) can be incorporated into the peptide sequence!® 6% 63

via solid-phase
peptide synthesis or NCA polymerization.

3.2. Peptoids



Natural biomacromolecules like peptides can have intrinsic disadvantages for certain
applications due to their poor stability in solvents, temperature, pH, and against proteolysis. To
address the inherent stability limitations of peptides, peptoids have been developed as a promising
alternative. Peptoids, or poly-N-substituted glycines, are a class of sequence-defined biomimetic
polymers that closely resemble peptides.> ¢ *2 * The peptoid backbone is identical to that of the
peptide, except the side chain is attached to the nitrogen rather than the a-carbon. This key
difference eliminates backbone hydrogen bonding which in turn, decreases structural complexity
and enables the ability to tune molecular interactions exclusively through side-chain chemistry.
Furthermore, the N-substitution increases peptoid stability against proteolysis and the elevated
temperature conditions.> % *? Peptoids are commonly synthesized using the sub-monomer solid-
phase synthesis method which enables enormous diversity of side-chain chemistries.> %42 Thus, a

large number of peptoid sequences have been synthesized and exploited for the self-assembly of

17, 65-67 69-71

various nanostructures, such as nanomembranes, nanosheets,® nanotubes®-’!, nanofibers,'>
72 and nanoribbons.” 7* Due to ease of synthesis, peptoid sub-monomers could be sourced from
many commercially available amines, thus incorporating reactive moieties for facile conjugation
reactions is highly attainable.
4. Nanostructures of peptide and peptoid-based self-assemblies

As previously mentioned, a range of nanostructures can be achieved by both peptides and
peptoids. Particularly appealing are the sequences that can self-assemble into well-defined
hierarchical structures, such as those of one-dimensional (1D) and two-dimensional (2D)

morphologies. In general, the self-assembly of biomaterials occurs in a solution phase and depends

on many reaction conditions, such as solvent, pH, concentration, time, metal ions, and



temperature.> & 2 43 The next sections will briefly summarize the most common 1D and 2D
nanostructures assembled from peptides and peptoids, as well as their diverse applications.
4.1. 1D nanostructures

1D nanotubes are an important class of nanostructures characterized by their high aspect
ratios, unique hollow core with large internal surface area, and high rigidity.’® 3% 7> They serve as
fundamental model systems for biological systems and soft matter while having many applications
in nanotechnology.’® 3 7> The well-defined morphology of peptide-based nanotubes has garnered
attention for utilizing their surface chemistries. Some examples include scaffolds for controlling

inorganic particle formation and assembly,> °- 2

and templates for nano-optics and electronics
nanowires.> % 1% 57 Additionally, nanotubes have shown promising applications in biosensing,
supercapacitors, tissue engineering, and drug delivery.’® % 71- 7677 One of the first examples of
synthetic peptide nanotubes was reported by Ghadiri et al. where they demonstrated 1D packing
of alternating D- and L- amino acid cyclic peptides that arranged into stacked planar rings to form
hollow, tubular structures (Figure 2).7® Since this discovery, other types of peptide sequences have
been shown to self-assemble into nanotubes, such as dipeptides, amyloid-inspired peptides, or

amphiphilic peptides.’® 3% 7> In addition to forming nanotubes, peptides can self-assemble into 1D

nanofibers.!? Typically formed from B-sheet peptides, the nanofiber structure has been critical to

12,79

studying scaffolds for 3D tissue cell culture, controlled drug release, and tissue engineering.




Figure 2. (a) A two-dimensional representation of the chemical structure of the peptide subunit (D
or L refers to the amino acid chirality). (b) Peptide subunits are shown in a self-assembled tubular
configuration emphasizing the antiparallel stacking and the extensive network of intermolecular
hydrogen-bonding interactions (for clarity only backbone structure is represented). (c) Low-
magnification electron microscopy image of nanotube suspension adsorbed on carbon support film
(scale bar, 1 pm). Reproduced from Ghadiri et al.”® Copyright 1993, The author(s).

To increase the side chain diversity and stability of peptide-based nanotubes, peptoid-based
nanotubes have been designed. Recently Chen and coworkers studied amphiphilic peptoid
sequences that self-assembled into highly stiff, crystalline nanotubes with tunable wall thickness,
diameter, and mechanical properties (Figure 3).° These single-walled peptoid nanotubes (SW-
PNT) consisted of a key hydrophobic domain with N-[(4-bromophenyl)methyl] glycine (Nbrpm)
and demonstrated excellent stability in different environment conditions. Recently, Zuckermann
and coworkers reported an amphiphilic diblock copolypeptoid sequence that self-assembled into
nanofibers depending on the chemical nature of the solvent-exposed N-termini.’’ Three-armed
star-shaped peptoids were also reported to assemble into nanofibers or nanotubes.®' Due to the
high tunability and stability of peptoid nanotubes, these peptoid assemblies have been
demonstrated in various applications such as acting as scaffolds for biomimetic mineralization,*
as robust enzyme mimetics for lignin depolymerization'®, as biocompatible carriers for drug

delivery and phototherapy,® 7® and as highly efficient aqueous light-harvesting system.”: %2
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Figure 3. Highly-ordered single-walled nanotubes assembled from amphiphilic peptoids. (a)
Structure of Pepuwbe and the scheme showing its assembly nanotubes. Inside the tube, the peptoid
backbone to backbone distance is 4.6 A along the x direction and is 1.67 nm along the y direction;
the hydrophobic domains were highlighted in pink, and the polar domains were in blue; one Pepube
molecule was highlighted with elements in various colors (nitrogen, blue; oxygen, red; carbon,
gray; bromide, orange). (b) TEM image of peptoid nanotubes; top right corner inset is the high-
resolution TEM image showing the tube wall thickness; lower left corner inset is the statistical size
distribution of tube diameter (37.2 £+ 2.7 nm) obtained by analyzing 50 PNTs. (¢) Cryo-TEM image
of peptoid nanotubes. (d) XRD spectrum of peptoid nanotubes. The values above each peak is

calculated according to the formula of d = 2n/g. Reproduced from Jin et al.*’

4.2. 2D nanostructures

2D nanomaterials are fundamental structures that bridge a gap between low-dimensional
and high-dimensional 3D structures. Compared to inorganic systems, 2D nanomaterials assembled
5,6, 60, 61

from sequence-defined macromolecules offer tailorable features and biological functions.

Specifically, peptide and peptoid nanosheets have been shown as a platform for studying cell



membrane interactions, templating inorganic crystals, bio-inspired catalysis, biosensors, and
antibody mimetics.> & 17-18.61.83 The self-assembly of peptide nanosheets arises from the secondary
structure of peptide sequences, such as a-helices and B-sheets.® °* ! For example, Jang et al. used
peptides with an o-helix dimer conformation to assemble into 2D nanosheets.* The heptapeptide
YYACAYY is rich in tyrosine residues and assembled at an air/water interface. The peptide
dimerization helped stabilize backbone interactions and the stacking configuration promoted the
growth of the peptide film (Figure 4). Due to the complexity of peptide backbone interactions,
controlling the self-assembly remains a significant challenge and thus there are limited reports of

2D nanosheet assembly.?*
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Figure 4. (a) Chemical structure of YYACAYY. (b) Optical microscopy images of a water droplet
at different incubation times. (d) A large and thick peptide film formed on the whole air/water
interface in a Petri dish. For this camera image, the 5-ml of YYACAYY peptide solution was

transferred to a Petri dish. (e,f) TEM (e) and AFM (f) image of large 2D films formed from



1 mg ml—1 peptide solution (1.1 mM). (g) Schematics of the facet-forming mechanism with the
YYACAYY solution. Scale bar, 0.5 cm (c), 1 cm (d), 5 pum (e), 1 um (f). Reproduced from Jang et

al.3* Copyright 2014, The author(s).

Since peptoids lack backbone chirality and backbone hydrogen-bond donors, their self-assembly
is dominated by side-chain interactions, allowing for precise structural tuning through their
sequences.®® Therefore, 2D nanomaterials assembled from peptoids are much easier to synthesize
than other types of sequence-defined polymers while remaining high programmability,
biocompatibility, and stability.> & ¢! 8 Ultra-thin peptoid nanosheets can be synthesized via
monolayer compression, solution crystallization, and solid-surface templating.® An early example
of 2D peptoid nanosheet structures was reported by Zuckermann and coworkers where they mixed
oppositely charged peptoid monomers to form large, free-floating 2D sheets.’¢ A simple set of
amphiphilic peptoid sequences containing polar and nonpolar residues was used as the basis for
studying periodic sequence patterns. When the twofold periodic peptoids (Nae—Npe)is and (Nce—
Npe)1s were mixed in an aqueous buffer, 2D structures were observed, as confirmed with
fluorescence microscopy, scanning electron microscopy (SEM), and atomic force microscopy
(AFM) (Figure 5). Another particularly interesting 2D peptoid nanostructure is the membrane-
mimetic 2D nanosheets (or called 2D nanomembranes).’® 7 Peptoid membranes are stimuli-

responsive, coat surfaces in a single, continuous layer, and possess the ability to self-repair.®% ¢

85, 87

They have been demonstrated for various applications including cell imaging and nerve agent

degradation.”



Figure S. In typical conditions, 0.1 mM of (Nae—Npe)1s and (Nce—Npe)1s were mixed in Tris—HCI
buffer (pH 9.0, 100 mM). (a) Fluorescent optical microscope image of sheets stained with Nile
Red (1 uM) that are free-floating in aqueous solution. (b) Fluorescent optical microscope image of
individual sheets. (¢) SEM images of sheets on Si substrate. (d) Height-mode AFM image of a
sheet (Z range: 20 nm). Reproduced from Nam et al.®¢ Copyright 2010, The author(s). For more

information on the peptoid sequences, the authors direct the reader to the original article.

5. Post-modification of macromolecular self-assemblies using click chemistry
5.1. Peptide-based self-assemblies

Self-assembled peptide-based nanostructures are typically modified using native chemical
ligation (NCL), a chemoselective reaction that occurs between peptides or protein fragments to
form a native peptide bond under mild conditions.'® 8% % Split protein strategy,”® biomolecular

recognition,’! thiol-thiolester exchange,’? and hydrazone formation'® have also been used to enable



post-assembly functionalization of peptide-based self-assemblies. Regarding click chemistry,
CuAAC has been widely employed for cyclization and orthogonal modification of peptides on
resin’>%® but appears less prevalent for post-modification of peptide assemblies. An early example
of using a click reaction as a ligation reaction to attach peptide fragments was demonstrated by
Franke et al.,”” where they modified the N-terminus of peptides with azido and alkyne moieties to
generate scaffolded peptides via CuAAC.

For the post-modification of peptide self-assemblies, Mahmoud et al. demonstrated the
functionalization of self-assembly peptide fibers (SAFs) using click chemistry conditions for
fabricating a coiled coil system.”® In this work, two variants of azido-functionalized peptide
sequences were prepared, either at the central or terminal position, named SAF-p1z2 and SAF-
plz4, respectively (Figure 6). When mixed with a complementary SAF-p2a peptide, fiber
formation was observed with the SAF-plz4 variant, as confirmed with circular dichroism
spectroscopy and transmission electron microscopy (TEM). This result contrasts with previous
studies demonstrating that a fully azide-functionalized SAF-pl derivative resulted in fiber
formation with no apparent loss of structural integrity. Next, post-assembly conjugation to the
azido-containing fibers was screened with biotin-alkyne in the presence of Cu(I). Since
composition and labeling could be varied, different ratios of SAF-pl + SAF-p1z4 with SAF-p2a
were assembled and studied for subsequent 5 nm streptavidin-gold nanoparticle conjugation. The
degree of nanoparticle decoration correlated with the amount of SAF-p1z4 in the initial mixture as
confirmed with TEM. Furthermore, using rhodamine-alkyne provided visualization of the fibers
using fluorescence spectroscopy (Figure 7). To add another function to the SAFs, thiol-ene
chemistry was demonstrated on the fibers. Similar to the azido modifications, two variants, SAF-

ply2 and SAF-ply4, were synthesized with an allyl group at the second or fourth position of the



sequence, respectively. In this case, both variants were tolerated well in the self-assembly process.
Using SAF-ply2, the thiol-ene reaction was optimized and used to react with a thiol-containing
biotin-soluble peptide, followed by conjugations with 5 nm streptavidin-gold nanoparticles. Lastly,
dual functionalization of SAFs was explored by mixing the two reactive peptides for orthogonal
labeling. First, the biotin- and thiol-containing peptide was illuminated at 365 nm to initiate the
thiol-ene reaction, followed by the addition of Cu(I) and rhodamine-alkyne for the second click
reaction. These samples were characterized in two batches, one with fluorescence microscopy and
the other with TEM using streptavidin-nanogold. Nanoparticle decoration was observed on all
fibers, and the degree of decoration was proportional to the amount of allyl or azido peptide
incorporated (Figure 7). These experiments showed that dual functionalization of SAFs is possible

with control over the ratio of reactive moieties.
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Figure 6. Cartoon of fiber decoration via (a) Cu(I)-catalyzed azide-alkyne click reactions; and (b)
thiol-ene click reactions. Fibers are represented as two-stranded (fibril) structures, but in practice
L 98

they are thickened with many fibrils packed laterally. Reproduced from Mahmoud et a

Copyright 2011, The author(s).



ViZigt
1

Figure 7. TEM and fluorescence microscopy images of dual functionalized SAFs. a—c: Increasing
fractions of SAF-p1z4 (z) and decreasing fractions of SAF-ply2 (y) as indicated. All samples were
labeled via both the thiol-ene and alkyne-azide click reactions. al, b1, cl: differential interference
contrast images of labelled fibers (scale bar = 10 um). a2, b2, c2: widefield fluorescence
microscopy images observing the rhodamine labels (scale bar = 10 um). a3, b3, c3: unstained TEM
images after treatment with 2.5 pM 5 nm streptavidin-gold particles (scale bar = 200 nm).
Rhodamine pixel intensities are: a2, 6 + 2; b2, 60 £ 3; c2, 91 + 2. The numbers of gold particles
per square micron of fiber (assuming cylindrical structures) are: a3, 218 = 13; b3, 162 = 14; c3, 91
+ 11. Reproduced from Mahmoud et al.”® Copyright 2011, The author(s).

Another example exhibiting the functionalization of 1D peptide nanostructures was

published by Guttenplan et al.”” In this work, click-reactive amyloid fibrils were self-assembled



from peptides, and their rigid 1D structures were used to scaffold biomacromolecules, such as
proteins. The amyloid-forming peptide used in this study was based on the well-studied TTR105-
115 peptide, which has associations with diseases such as familial amyloid polyneuropathy. This
fragment is non-toxic and biocompatible, with the ability to form amyloid fibrils with chemical
functions displayed at the N-terminal end of the peptide. Although click reactions have been used
to produce fibrils functionalized with macromolecules, this work performs the click reactions after
the fibril has self-assembled. The advantage of this approach is to avoid aggregation-promoting
conditions which can prevent self-assembly (Figure 8). O-propargyl serine was chosen as the
alkyne-containing amino acid incorporated into the peptide sequence via solid-phase peptide
synthesis. To demonstrate the reactivity of the self-assembled nanostructures, the fibrils were
exposed to azidohomoalanine and characterized using mass spectrometry analysis. Accordingly,
the fibrils exhibited a peak with an m/z value that corresponded to the clicked adduct with
azidohomoalanine. Next, a fluorescein analog containing an azide group was reacted to the fibrils.
Total internal reflection fluorescence (TIRF) microscopy revealed the localization of fluorescein
on the fibrils, suggesting the click reaction occurred. To demonstrate the general applicability of
this approach, the coupling of proteins was demonstrated on the fibril scaffold. Enhanced Green
Fluorescent Protein (eGFP) was used as the cargo species for easy visualization. When exposed to
UV light, the clicked fibrils were fluorescent whereas the control mixture was not, suggesting that
eGFP does not retain its fluorescence when aggregated (Figure 9). These results demonstrate how
amyloid fibrils can be conjugated with a range from small molecules to large proteins. Additionally,

this is the first example of using click reactions on amyloid fibrils after they have been formed.



Figure 8. Pre-assembly functionalization versus post-assembly functionalization. a) In the
conventional route, molecule building blocks are functionalized prior to self-assembly. In such
cases, functional moieties can, however, prevent fibril self-assembly or lose their functionality. b)
The method detailed in this paper avoids exposing the functional species to amyloid-forming
conditions and results in the formation of a click-reactive scaffold that can be functionalized after

nanoscale self-assembly has taken place. Reproduced from Guttenplan et al.*® Copyright 2017,

The author(s).
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Figure 9. Reaction of fibrils and peptides with eGFP and fluorescein. (a) Fibrils assemble and can
then be functionalized with fluorescein to give fluorescent fibrils, as shown in TIRF image. Scale
bar is 5 pm. (b) Fibrils assemble and can then be functionalized with eGFP to give fluorescent
fibrils (1) as shown in TIRF image. Scale bar is 5 um. (c) Peptides functionalized with eGFP form
aggregates that are not fluorescent (), as can be seen under UV illumination. Reproduced from

Guttenplan et al.”” Copyright 2017, The author(s).

Recently, Wu et al. developed a method to synthesize coiled-coil bundlemers via
noncovalent interactions and hierarchical click covalent assembly.!® Aided by computational
design, hybrid synthetic peptide-based polymers could be designed to form different architectures,
such as homotetrameric and antiparallel coiled coils, and even liquid crystalline materials could
be achieved. Small peptide chains (approximately 3 kDa) were designed to fold into 4-nm bundles,
followed by covalent assembly to yield polymers with lengths upward of 40 um. Specifically,
bundlemers modified with either maleimide groups (from peptide 1) or thiol groups (from peptide

2) were reacted using the thiol-Michael click reaction, resulting in an end-to-end formation of



polymerized bundlemers. The neighboring bundlemers were held together by covalent bonds as
well as the complementary noncovalent interactions in each bundlemer. TEM and cryogenic TEM
(cryoTEM) data reveal high chain stiffness (Figure 10). The purposeful display of chemical
functionalities could be incorporated into the rods, like small molecule dyes and inorganic
nanoparticles with spatial control, which enables the creation of hybrid peptide nanomaterials.
Besides thiol-Michael chemistry, the bundlemer rod can also be functionalized to present an alkyne
on a specific residue, which can react with azide-containing PEG polymers via CUAAC. A uniform
spacing of the PEG-functionalized bundle was observed within the rigid rod, confirmed by AFM.
A follow-up study shows how these bundlemers could be grafted vertically on an ultra-flat mica
surface through click chemistry reactions.'?! Overall, the bundlemer design in this work provides

a versatile method to fabricate peptide nanomaterials with controllable physical characteristics.
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Figure 10. (a) Left, peptides 1 and 2, shown in single-letter amino acid code, have at their N
termini (blue) either maleimide (Mal) or cysteine (C). The carboxyl terminus (red) of each peptide
is unreactive. Each sequence forms homotetrameric bundlemers: grey, peptide 1; white, peptide 2.
Centre, the thiol-maleimide click reaction yields chains with two covalent linkages between
neighboring bundlemers. (b) TEM of rigid rods produced with a 1/1 ratio of peptides 1 and 2. The
sample is negatively stained with phosphotungstic acid. (¢) CryoTEM of rigid rods longer than
1 um in aqueous solution. (d) Negatively stained TEM of short rigid-rod chains produced using an

asymmetric ratio (10/9: [peptide 1]/[peptide 2]) of reacting bundlemers. ¢) The organic tetrathiol



PETMP (black wavy lines) links peptide-1 bundlemers to form semiflexible chains. f) Examples
of segmented chains produced by connecting short rigid rods with PETMP. Reproduced from Wu

et al.'% Copyright 2019, The author(s).

5.2. Peptoid-based self-assemblies

Peptidomimetic conjugates have been synthesized on resin using CuAAC for biosensors
and therapeutic applications.!??1% Inspired by these synthetic approaches, Zuckermann and
coworkers demonstrated that peptoid nanosheets can be used to mimic the cell surface and provide
a scaffold for molecular and protein recognition.?® In this work, glycosylated peptoid nanosheets
were prepared using two methods enabled by CuAAC, either by post-assembly or pre-assembly
conjugation (Figure 11). In the first method, peptoids containing an alkyne moiety were self-
assembled into nanosheets and then reacted with sugar molecules functionalized with azides to
form glycosylated nanosheets. In the second method, the alkyne-containing peptoid sequence was
conjugated with sugars using CuAAC and then subsequently self-assembled into nanosheets using
the same conditions. The sugar units were inserted in the middle of a hydrophilic loop domain on
the peptoid sequence or attached to a linker that displayed the sugar on the material. By using click
chemistry, a variety of saccharides, such as mannose, N-acetylglucosamine, and galactose, were
conjugated on peptoid nanosheets with controlled density. Although the pre-assembly approach
was preferred in this work, it is important to note that the post-assembly functionalization could
be used to create combinatorial libraries of sugar-functionalized nanosheets by fractionating one
batch of nanosheets to conjugate various carbohydrates to each portion. The nanosheets were
characterized using fluorescence microscopy, SEM, AFM, and powder x-ray diffraction (XRD) to

analyze their size, abundance, and structural features. Because of the high-density arrangement of



sugars on a planar composition, certain threat agents, such as toxins and viruses, could interact and
bind to the glycosylated peptoid nanosheets. Lectins and multivalent carbohydrate-binding
proteins served as the model for the binding studies with nanosheets. The binding affinity of
mannose and N-acetylglucosamine for Concanavalin A (ConA) and Wheat Germ Agglutinin
(WGA) was investigated using fluorescence microscopy and Forster resonance energy transfer
(FRET). Different ratios of sugar-containing peptoids and unfunctionalized peptoids were
combined to screen how sugar distribution affects protein binding. Since they assumed the
distribution of sugars is random, the spacing between sugar units is based on approximations of
the average shortest possible distances between units on the nanosheet. By correlating the intensity
of fluorescently labeled protein to the average sugar-to-sugar distance on nanosheets, they
determined that the most dramatic increase of bound protein occurred when mannose units were
spaced less than 3 nm apart. These findings suggest that there is cooperative behavior between
sugars. Next, to achieve a more quantitative analysis of the binding affinity of the glycosylated
nanosheets to bind proteins, a homogenous FRET binding assay was developed. BODIPY-FL C16
was inserted into nanosheets and served as a reporter for Alexa647-conjugated proteins.
Biotinylated peptoid nanosheets were self-assembled with BODIPY-FL C16, followed by the
addition of Alexa647-labeled streptavidin. Decreased BODIPY-FL C16 emission occurred upon
protein binding, indicating energy transfer due to the close proximity between the fluorophores
(Figure 12). This approach was applied to detect ConA, WGA, and Shiga toxin type 1 B subunit
(Stx1B) binding to glycosylated nanosheets. Further FRET studies were conducted against a panel
of proteins and demonstrated the selectivity of the glycosylated nanosheets. Overall, these simple

cell surface mimetics were constructed to display various sugar units on a nanosheet surface using



facile click chemistry. Using a robust FRET assay, lectins ConA and WGA, and clinically relevant

Stx 1B could be recognized on the surface of glycosylated nanosheets.
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Figure 11. Scheme for the synthesis of glycosylated peptoid nanosheets. Starting from alkyne-
functionalized peptoid, one route considers the glycosylation of the free peptoid followed by self-
assembly into functionalized nanosheets (left). In the second route, nanosheets were first formed
with the alkynylated peptoid followed by sugar conjugation (right). Reproduced from Battigelli et

al.?® Copyright 2018, The author(s).
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of glycosylated peptoid nanosheets (d) 8 and (e) 9 in the presence of ConA, WGA, streptavidin
(SAv), or protein A. FITC and CyS5 channel are used for imaging BODIPY-FL incorporated into
peptoid nanosheets and Alexa647 conjugated proteins, respectively. Scale bar represents 50 um.

Reproduced from Battigelli et al.?® Copyright 2018, The author(s).

Hybrid materials based on tunable organic nanostructures and inorganic building blocks

are unique because of their potential to create mechanically stable hierarchical structures and to



confer synergistic interactions between the individual components. Monahan et al. developed a
method to covalently conjugate CdSe quantum dots (QDs) and clusters to self-assembled peptoid
nanotubes and nanosheets.!” Since peptoids can self-assemble to form highly crystalline 1D
nanotubes or 2D nanosheets, the authors used them as a template for scaffolding particles to their
surface. Peptoid nanotubes and nanosheets were designed with amphiphilic sequences containing
six polar residues (N-(2-carboxyethyl)glycine) and six nonpolar residues (N-[2-(4-
bromophenyl)ethyl|glycine or N-[2-(4-bromophenyl)methyl]glycine for sheets and tubes,
respectively). Since the peptoid sequences were intended for co-assembly, the hydrophilic domain
was capped with a maleimide group or remained unmodified. By varying the percentage of
maleimide-containing sequences, the authors hypothesized that QD density could be controlled on
the surface of the nanostructures. CdSe QDs were first capped with cysteine ligands to introduce
a thiol moiety on the surface of the particles to enable thiol-maleimide conjugation. Scanning TEM
and AFM were used to characterize the morphology of peptoid nanosheets and analyze QD density.
Energy-dispersive X-ray analysis was also used to confirm the presence of Cd and Se in the
samples. Their initial experiments indicated that upon QD conjugation, the nanosheet size
significantly decreased and the edges appeared rounded, which was also observed with cysteine-
capped CdSe clusters. Conversely, peptoid nanotubes did not destabilize upon conjugation,
potentially due to the higher rigidity of nanotubes relative to nanosheets (Figure 13). In all systems,
a strong preference for QD binding was observed on the peptoid nanostructure surface. They
predicted that pH changes and maleimide concentration attributed to destabilization, so they sought
to improve peptoid nanosheet stability after QD conjugation. Various conjugation conditions were
studied by varying the percentage of maleimide on nanosheets, screening the pH of the reaction,

and replacing cysteine ligands with mercaptopropionic acid (MPA) on the QDs to mitigate



solubility issues related to pH. The structural integrity of the nanosheets was improved after
optimization, where 20% maleimide incorporation in nanosheets and conjugating at pH 6 were the
best conditions. Furthermore, to prevent non-specific interactions of QDs with carboxylates on the
hydrophilic domain of the peptoids, the carboxylic acid side chains were replaced with methoxy
ethers. Accordingly, QD number density was correlated with maleimide percentage, emphasizing

the ability to control particle density on self-assembled peptoid nanosheets (Figure 14).
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Figure 13. Diblock peptoid monomers (a) contain a hydrophobic region (blue) and a hydrophilic
region (red). A mix of standard (a) and functionalized (b) monomers are mixed during assembly
to give a random distribution of maleimide functionalization on the surface (green, c). The
hydrophobic regions of the monomers reside internally (blue) and hydrophilic regions reside
externally (red) in the resulting interdigitated bi-layer peptoid sheets and tubes (d and e). CdSe
particle (gold) attachment via the maleimide on the peptoid structure and a thiol in the capping
ligand on the nanoparticle surface (f). AFM images of self-assembled peptoid sheets (g) and tubes
(h). (1) Cysteine-capped CdSe QDs exhibit a strong preference for binding to maleimide-
functionalized peptoid sheets (a) but destabilization of the sheets is seen by the smaller sheet sizes

than observed in the absence of the QDs. (j) Standard TEM shows that the QDs have a high



preference for the tubes (white dashed lines), with uniform distribution. Reproduced from

Monahan et al.!* Copyright 2020, The author(s).
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Figure 14. (a) Methoxy ether functionalized peptoid monomer used to eliminate non-specific QD
interactions with carboxylic groups of the peptoid backbone. (b—1) Conjugation of MPA QDs with
methoxy ether peptoid sheets at pH 6 with (b and f) 5, (c and g) 10, (d and h) 15, and (e and 1) 20%
maleimide. Peptoid sheets still show some rounding and destabilization (d and e) but maintain a
larger sheet size at pH 6 than at pH 7 (compare b and ¢ to Fig. 2b). QD density on the sheet surface
increases with maleimide percentage with slight etching of the QDs from 2.82 + 0.30 nm to 1.78

+0.28 nm (f-i). Reproduced from Monahan et al.!” Copyright 2020, The author(s).

Recently, Ma et al. reported the hierarchical hybrid synthesis of protein-peptoid nanosheets
that templated 10 nm silica nanoparticles to form a multilayered material from a bottom-up
approach.”> Using the same peptoid sequence as described in the work above (termed
Nbrpe6Nce6), an equimolar ratio of unmodified and maleimide-functionalized peptoid sequences

were self-assembled to form highly crystalline nanosheets as confirmed with AFM and XRD



(Figure 15a-c). From there, superfolder green fluorescent protein (sfGFP) fused with Car9 peptide
was engineered with surface-exposed cysteines to achieve efficient thiol-maleimide conjugation
with the peptoid oligomers. Car9 was previously characterized as having a high affinity for silica,
making it an ideal template for silica nanoparticle binding. The (G51C)-Car9 mutant demonstrated
high reactivity with maleimide groups on the surface of nanosheets and enhanced affinity for silica
when fused to the C-terminal of sfGFP. The synthesis of hybrid protein-peptoid hybrid nanosheets
was further studied with this mutant, termed sfGFP(G51C)-Car9. AFM imaging was used to study
the relative density of the protein on the nanosheet surface, and it was determined that peptoid
nanosheets with 50% maleimide-functionalized sequences can be tuned based on the concentration
of sftGFP(G51C)-Car9, either 1 or 10 uM (Figure 15d-f). Next, 10 nm silica nanoparticles were
incubated with the hybrid nanosheets to demonstrate silica binding. AFM and SEM imaging
revealed that the addition of silica nanoparticles resulted in a multilayer material consisting of
alternating peptoid, protein, and inorganic layers. The overall appearance resembled stacked sheets

with three layers measuring a total height of 65 = 2 nm (Figure 15g-h).
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Figure 15. (a) Chemical structures of an Nbpe6Nce6 peptoid oligomer (top) and its maleimide-
functionalized version, MAL-Nbpe6Nce6 (bottom). (b) X-ray diffraction patterns of peptoid
nanosheets produced with Nbpe6Nce6 (black) or MAL-Nbpe6Nce6 oligomers (blue). (¢) AFM
image of self-assembled nanosheets produced in a 1:1 molar ratio of the two oligomers. Peptoid
nanosheets before (d) and after conjugation with 1 uM (e) or 10 uM () stGFP(G51C)-Car9. Top
panels: medium-resolution AFM images. Middle panels: high-resolution AFM images of boxed
areas. Bottom panels: height profiles along the indicated line scans. SEM images of hierarchical
structures formed by the silica-nanoparticle-mediated assembly of peptoid—protein hybrid
nanosheets functionalized with 1 uM (g) or 10 uM (g). (g) and (h) were manually cleaved to expose
a cross-section of the hierarchical structures. Orange lines and arrows identify the center line of
individual peptoid nanosheets. Mean separation distances between consecutive nanosheets are

indicated. Reproduced from Ma et al.'> Copyright 2021, The author(s).



To further investigate the utilization of peptoid-protein composite materials of different
architectures, Ma et al. reported templated mineralization of titania (TiO2) on protein-
functionalized 1D nanotubes.?’ Briefly, the tube-forming sequence Nbrpm6Nce6 was terminated
with a maleimide to facilitate thiol-maleimide conjugation with the reactive cysteine on
sfGFP(G51C)-Car9. In this study, an equal molar ratio of unmodified and maleimide-modified
peptoid sequences were self-assembled into high-quality tubes exhibiting a height of 6.3 = 0.1 nm
(Figure 16a-c). Next, stGFP(G51C)-Car9 was conjugated on the surface using a concentration of
1 x 107% or 10 x 107 M. AFM analysis revealed the correlation of height elevation to the protein
in a “laying down” orientation as well as concentration-dependent protein coverage. To determine
how sfGFP(G51C)-Car9 density and organization on the nanotubes influence mineralization, the
protein-functionalized nanotubes were incubated with a water-soluble TiO2 precursor, TIBALDH,
at pH 6 for 2 h. High-resolution TEM (HRTEM) analysis was used to characterize the resulting
samples where sub-11 nm discrete nanocrystals were observed on the surface of the protein-
nanotube conjugates. To explore the possibility of increasing nucleation sites and capping
extension per unit of protein, Car9 was fused to both termini of the sfGFP B-barrel, termed Car9-
sfGFP(G51C)-Car9. This new mutant was used to functionalize nanotubes at a concentration of
10 x 107 M, and upon using the same mineralization conditions as before, sub-2 nm particles were
obtained (Figure 16d-f). The authors conclude that the organization of TiO2-binding proteins on a
nanotube can control the growth of mineral particles with limitations based on the ratio of Car9
extensions and the volume of mineral produced. Overall, the versatility of this approach was
enabled by thiol-maleimide click chemistry and could be applied to other peptoid-based hybrid

systems to produce hierarchical nanomaterials under mild conditions.
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Figure 16. Functionalization of peptoid nanotubes with solid-binding proteins. a—c) AFM images
(left) and line scans (right) of peptoid nanotubes prepared at a 1:1 molar ratio of Nbpm6Nce6 to
MAL-Nbpm6Nce6 before protein conjugation (a), and after functionalization with 1 x 107° M
sfGFP(G51C)-Car9 (b), or 10 x 10~ M of sftGFP(G51C)-Car9 (c). Influence of protein occupancy
and SBP valency on the size of titania nanoparticles mineralized by hybrid nanotubes. d—f)
Schematic illustration (left), TEM images (middle) and particle size distributions (right) of TiO2
mineralization products obtained with peptoid nanotubes functionalized with: d) 1 x 10 M
sfGFP(G51C)-Car9; e) 10 x 1078 M sfGFP(G51C)-Car9; or f) 10 x 107 M Car9-sfGFP(G51C)-
Car9. Samples were characterized after 2 h of mineralization at room temperature using 12.5 x
10 M of TiBALDH in citrate buffer held at pH 6.0. Peptoid nanotubes are shown in light blue,
sfGFP molecules are shown in green, the engineered cysteine residue used for conjugating proteins
to maleimide-modified peptoid nanotubes is shown as a red sphere, the Car9 SBP fused to the C-
and N-termini of sfGFP is shown as a purple squiggle, and the mineralized TiO2 nanoparticles are
shown as gray spheres. Mean particle sizes and standard deviations were calculated from the

measurement of 200 particles on different hybrid nanotubes. Particle size distributions were



substantially the same on different tubes, replicate samples, and in independent mineralization

experiments. Adapted from Ma et al.?** Copyright 2022, The author(s).

6. Discussions

Beyond installing programmability into sequence-defined biomimetic nanomaterials, click
chemistry has the potential to improve upon existing systems, such as enhancing catalytic activity
for peptoid-based enzyme mimetics. For example, Jian et al. reported highly stable peptoid
nanotubes that exhibit peroxidase-like activity for lignin depolymerization.'® More recently, Trinh
et al. designed an enzyme-mimicking peptoid nanomembrane that contains metal-binding catalytic
sites to degrade chemical warfare agent (CWA) simulants.!” In both studies, the authors emphasize
the importance of modifying the local environment of the active sites to control catalytic activity.
Therefore, click chemistry could be a useful tool for tuning the local chemical environment by
incorporating click-reactive functional groups near the active sites to introduce desired
functionality. This could be achieved by mixing peptoid sequences containing clickable moieties
and catalytic units for co-assembly. Once the material is self-assembled, click reactions could be
carried out to incorporate various coordinating ligands or hydrophobic functional groups to
enhance substrate binding.

Since covalent nanoparticle attachment has been achieved on peptoid assemblies' 1°,
covalent attachment of catalytically active nanoparticles into the recently developed enzyme-
mimicking peptoid nanomembranes'’ for much enhanced degradation of CWA simulants could be
an interesting direction for developing composite membranes via click chemistry. For example,

metal oxide nanoparticles and metal-organic framework particles have demonstrated robust

activity for the degradation of CWAs and their simulants.'%!% By incorporating clickable ligands



on their surface, the nanoparticles could be conjugated on the peptoid membrane with controlled
density and location. Fabricating hybrid peptoid composite materials could enhance membrane
durability, increase substrate selectivity, and impart synergistic properties for the mitigation of
CWAs and other substrates of interest.
7. Conclusions and Future Perspectives

Self-assembled nanostructures based on biomimetic macromolecular building blocks offer
a promising strategy for constructing hierarchical materials with desired morphologies and
functionalities. Recent progress has been made in employing well-studied click chemistry to
modify self-assembled peptides and peptoids. In this mini-review, we highlight examples of click
reactions used to enhance programmability, control morphology, or fabricate hybrid nanomaterials
for 1D and 2D nanostructures. In each example, the click reactions were carried out in mild
conditions and exhibited high specificity towards the reactive functional groups, demonstrating
their versatile use. Overall, employing this facile covalent chemistry for post-modification of
macromolecular assemblies paves the way to study the relationship between chemical design and
resulting functionality, ultimately enhancing their performance in many diverse applications.

Looking forward, there are still many challenges that remain with development of
hierarchical functional materials assembled from sequence-defined biomimetic polymers and the
implementation of these materials for applications. Understanding their atomic-level structures,
elucidating self-assembly mechanisms, and manipulating their molecular interactions for
predictive assembly outcomes with well-controlled reactive sites available for post-modifications,
and creating predictive morphologies and functions are just a few key hurdles to overcome.
Developing systematic studies and using predictive synthesis are potential solutions to propel the

discovery of advanced biomimetic systems. Combining refined click chemistries and exploiting



the properties of sequence-defined synthetic macromolecules will continue to drive innovation

towards modular materials in the future.
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