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Abstract

The universal pairing of complementary nucleobases in DNA found in all life forms has inspired
extensive studies on selective molecular recognition between information-rich sequence-defined
polymer chains. Here we utilized the shape complementarity of sequence-defined peptoids to
achieve selective assembly between peptoid chains. Three sets of self-complementary peptoids
bearing different overall molecular shapes-determined by the monomer sequence (trapezoid,
comb and zig-zag)-were synthesized and systematically studied by differential scanning
calorimetry and X-ray diffraction. All these peptoids crystallized in bulk into a nearly identical
rectangular crystal lattice as evidenced by their similar melting temperatures and X-ray
diffraction peaks. In aqueous solution, they all self-assembled into crystalline monolayer
nanosheets with a known rectangular crystal lattice motif, regardless of their varied molecular
shapes. These results suggest that complementary molecular shape could be a potential design
element for the construction of more sophisticated, hierarchically-ordered peptoid nanomaterials

that approach the structural and functional complexity found in biomacromolecular nanostructure.
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Introduction

DNA is a crucial macromolecule carrying genetic information essential for all known forms of
life. The specific recognition of complementary polynucleotide single strands via Watson-Crick
base pairing is at the foundation of DNA transcription and replication.! Inspired by the precise
structure of the DNA double-helix and its high chemical information content, chemists have long
sought to mimic some of these attributes in simpler polymer systems. A common approach is to
incorporate complementary hydrogen-bonding moieties to polymer backbones to guide the

intermolecular recognition between polymer chains.?#

Although hydrogen bonding is one of the key determinants of specificity in Watson-Crick base
pairing, shape complementary also plays a major role, and is at the root of many biomolecular
interaction in enzyme function, antibody recognition and host-guest interaction.>¢ Studies have
successfully utilized shape complementarity for the construction of intricate supramolecular
nanostructures made from biomolecules (e.g., DNA origami) and synthetic molecules (e.g.,
nanoparticles).”!! However, the study of inter-chain molecular recognition of synthetic polymers

based on shape complementarity is still at a very early stage.

Precise control over the sequence of chemically distinct monomers within a polymer chain is the
prerequisite to achieve the assembly of complex and hierarchical nanostructures through specific
molecular recognition as found in DNA and proteins. Poly(N-substituted glycines) (a.k.a.
polypeptoids), a class of non-natural sequence-defined polymers, have emerged as a desirable
building block to create ordered biomimetic nanostructures.'>!> The efficient and iterative
submonomer solid-phase synthesis of peptoids, using primary amines as synthons, allows the
incorporation of chemically diverse side chains at specific position along the backbones to obtain

precisely controlled sequences.'® The peptoid platform has been used to study inter-chain
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recognition. For example, the Scott group successfully demonstrated the hetero-recognition of
two different sequence-defined peptoid chains via dynamic covalent bonding.!”!® They designed
two complementary sequence-defined peptoids, one with amine-based side chains and the other
with aldehyde-based side chains, which can undergo sequence-selective condensation in solution
by dynamic covalent chemistry between amine and aldehyde groups, to afford in-registry
molecular ladders with imine-based covalent rungs.!” They also demonstrated the temperature-
mediated assembly of sequence-defined peptoids containing maleimide and furan side groups to

obtain molecular ladders with Diels-Alder adduct based rungs.'®

Because a specific sidechain can be chosen for every position in the sequence, peptoids offer the
opportunity to precisely control the overall molecular shape, and explore its impact on chain-
chain recognition. Lacking hydrogen bond donors in the backbone, the impact of peptoid shape
can be probed in the absence of other interfering interactions. Linear and cyclic peptoids with n-
alkyl side chains have been shown to be crystalline in bulk.'®-?! Our previous work showed that
the highly crystalline linear peptoids bearing n-alkyl side chains prefer to adopt a planar board-
like crystal lattice with extended backbone conformations.!*-2° Importantly, we have also shown
that in many cases the side chains of these peptoids can be altered without changing the
backbone conformation in the crystal lattice.??> In a sense this is reminiscent of the way DNA
strands bind to one another: the backbones adopt the same fold regardless of sequence, and the
recognition takes place between the side chains. Thus, peptoids provide the opportunity to

explore shape-complementary between parallel (or anti-parallel) N-alkyl peptoid chains.

Here, for the first time, we explore the selective assembly of sequence-defined amphiphilic
diblock copolypeptoids, poly(N-alkylglycine)-b-poly(N-2-(2-methoxyethoxy)ethylglycine), with

self-complementary hydrophobic domain shapes in bulk and solution. In contrast to the dynamic
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covalent chemistry of Scott mentioned above!’, the predominant van der Waals interactions
between peptoid chains in our study are much weaker. We expect, however, the cumulative
interaction effect to be significant since the interfacial contact area is considerably larger in a
crystal lattice as compared to the solution interaction of only two molecules. Three sets of
peptoids bearing different molecular shapes of the hydrophobic block (trapezoid, comb and zig-
zag), as shown in Figure 1, were synthesized and purified by HPLC. We anticipated that the
adjacent rows of peptoids in the side chain to side chain direction (the ¢ direction) to be oriented
in an antiparallel manner.!%-20- 2324 The main chain length for all the peptoids was kept the same,
while the side chain length was varied from heptyl to decyl in such a way to keep the inter-
backbone distance constant in the ¢ direction assuming a rectangular crystal lattice as previously
reported.!-20- 2324 The peptoids were systematically studied by differential scanning calorimetry
(DSC) and X-ray diffraction. All peptoids exhibited a similar melting temperature and a similar
X-ray diffraction pattern in bulk, revealing their crystallization into a nearly identical rectangular
crystal lattice. Despite their different molecular shapes, the peptoids with self-complementary
shapes all self-assembled, through inter-strand recognition, into crystalline nanosheets with

similar rectangular crystal lattices. This study demonstrated the successful utilization of self-

complementary molecular shapes of peptoids in directing their self-assembly in bulk and solution.

Similar to the information-directed hybridization of complementary nucleic acid sequences, the
complementary molecular shape holds the potential as a design element for the creation of more
complex and hierarchical peptoids nanostructures resembling the structural and functional

complexity found in nature.
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Figure 1. Chemical structures of diblock copolypeptoids bearing a same hydrophilic Nde block and a
hydrophobic block of different shape. N-decyl glycine is denoted as D and N-heptyl glycine is denoted as
H. The side chain length of the hydrophobic block was kept constant while the position was arranged
differently. The green and yellow colors indicated the different shapes of molecules.

Experimental Section

Synthesis of Diblock Copolypeptoids. The 2-(2-methoxyethoxy)ethylamine, decylamine,
nonylamine, octylamine, heptylamine, bromoacetic acid, trifluoroacetic acid (TFA), pyridine and
acetic anhydride were purchased from Sigma Aldrich. N, N -diisopropylcarbodiimide (DIC) was
purchased from Chem-Impex. 4-Methylpiperidine was purchased from TCI. Rink amide resin
was purchased from Novabiochem. All the solvents and reagents used in the study were directly
used as received. All diblock copolypeptoids were synthesized by automated submonomer solid-

phase synthesis on a Symphony X peptide synthesizer at a scale of 200 mg Rink amide resin
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with 0.64 mmol/g loading efficiency using adapted procedures. The resin was first swelled in
dimethylformamide (DMF) for 10 min followed by deprotection of the Fmoc group on the resin
with 20% (v/v) 4-methylpiperidine/DMF. The resin was washed with DMF and proceeded to
bromoacylation reaction with bromoacetic acid (0.8 M) and DIC (0.8 M) in DMF at room
temperature for 20 min. The resin was washed with DMF and proceeded to the displacement
reaction with amines at 1 M concentration in DMF at room temperature for 30 min. The resin
was washed with DMF followed with dichloromethane (DCM), dried, and cleaved using 95%
(v/v) TFA in water for 10 min at room temperature, followed by filtration and washing of the
resin with DCM. The crude product was obtained by solvent evaporation using Biotage® V-10
evaporator and subsequent lyophilization from acetonitrile/water (1:1, v/v). Acetylation at the N-
terminus of the crude peptoids (~200mg) was performed in 2 mL THF followed by the addition
of acetic anhydride (100 uL) and pyridine (100 pL). The mixture was allowed to stir at room
temperature for 1 h followed by solvent evaporation and lyophilization from acetonitrile/water

(1:1, v/v).

The obtained crude peptoids were then purified by Waters reverse-phase HPLC on a XSelect
HSS cyano column (5 um, 18 x 150mm) using a linear, binary elution gradient (solvent A and B)
from 50 to 95% B in 20 min at a flow rate of 15 mL/min. Here solvent A was 10% isopropanol
in water, and solvent B was 10% isopropanol in acetonitrile. TFA was not added to the solvents
considering the observed truncation of N-acetyl terminus under acidic conditions.?> Collected
HPLC fractions were analyzed by MALDI-TOF spectroscopy using a-cyano-4-hydroxycinnamic
acid (CHCA) as the matrix, and reverse-phase analytical HPLC equipped with a cyano column

and MicroTOF electrospray mass spectrometer. The pure fractions were combined followed by
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solvent evaporation and lyophilization from acetonitrile/water (1:1, v/v) to afford a fluffy white

powder.

Differential Scanning Calorimetry (DSC). All DSC measurements were performed on a TA
Q200 differential scanning calorimeter. The dry white powder of peptoid (~2 mg) was added to a
pre-weighed aluminum T Zero pan and sealed with an aluminum T Zero lid. The sample was
treated with a heat-cool-heat cycle between 0-180 °C at a heating rate of 10 °C/min and a cooling

rate of 5 °C/min.

Powder X-ray Diffraction (XRD). The peptoid samples (powder) were loaded onto MiteGen
micromesh and heated in vacuum oven at 100°C for 12h followed by slowly cooling down to
room temperature. For the preparation of nanosheet samples, the nanosheet solutions were
centrifuged at 13,200 rpm for 10 min and the resulting peptoid nanosheet pellets were pipetted
onto MiteGen micromesh and dried under vacuum. Powder XRD measurements were performed
at Advanced Light Source (ALS) beamline 8.3.1 located at Lawrence Berkeley National
Laboratory. The beamline has a 5-tesla single pole superbend source (energy range 5-17 keV).
The data were all collected with a 3 x 3 CCD array (ADSC Q315r) detector at a wavelength of
1.1159 A. The distance of the detector from the sample was 350 mm. The diffraction patterns

(Figure S16) were reduced using the Nika program for Igor Pro.

Self-Assembly of Diblock Copolypeptoids in Water. The purified peptoids was dissolved in
THF/water mixed solvent (1/1, v/v) at a 2 mg/mL concentration. The mixture was placed, in an
open container, at 4 °C refrigerator to slowly evaporate the THF. Cloudy solutions containing a

large quantity of crystalline nanosheets were obtained after several days.
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TEM Imaging of Nanosheets. TEM images of nanosheets were obtained from dry specimens.
These specimens were prepared by drop casting a 3 pL droplet of the desired nanosheet-
containing aqueous solution on a copper grid with the continuous carbon supporting film. The
droplet was blotted from the edge of the grid using a filter paper. The micrographs were
collected on a JEOL-1200 at 80 kV using a Gatan US1000 CCD camera at room temperature.

The nanosheets were completely dry due to exposure to vacuum in the column of the TEM.

Atomic Force Microscopy (AFM) Imaging of Nanosheets. The AFM imaging of dry
nanosheets was performed on Asylum MFP-3D atomic force microscope using tapping mode.
The tips used in the study were TAP 150 AL-G tips with 150 kHz resonance frequency and 5
N/m force constant, respectively. The nanosheets solutions were diluted with milli-Q water and
dropped onto freshly cleaved mica followed by drying under vacuum. Ex sitfu (in air) AFM

imaging were performed for all the samples.

Results and Discussion

Design and Synthesis of Diblock Copolypeptoids. Amphiphilic diblock copolypeptoids,
containing a hydrophilic block and a crystallizable hydrophobic block, are well known to phase
separate and crystallize in bulk and in solution.!? 1°-20: 26 The solid-phase submonomer synthesis
allows us to precisely tune not only the length and sequence, but also the overall molecular shape
of the peptoid chain. In this study, a series of diblock copolypeptoids, bearing a hydrophilic
poly(N-2-(2-methoxyethoxy)ethylglycine) (pNde) and a hydrophobic poly(N-alkylglycine), were
designed and synthesized. The length of the pNde block was kept constant while the molecular

shape of the hydrophobic poly(N-alkylglycine) block was varied. To alter the molecular shapes,
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the side chain length was varied from n-hepyl to n-decyl, and their arrangements were
manipulated to obtain three sets of diblock copolypeptoids with different molecular shapes
(trapezoid, comb and zig-zag), as shown in Figure 1. All the peptoids were synthesized by solid-
phase submonomer method and purified by reverse-phase high-performance liquid
chromatography (HPLC) to >90% molecular purity. Detailed characterization data was included

in the supporting information (Table S1 and Figures S1-S12.

Crystallization of Diblock Copolypeptoids in bulk. The crystallization behavior of all peptoids
in bulk was investigated by both differential scanning calorimetry (DSC) and X-ray diffraction
analyses. The DSC measurements were conducted in the temperature window between 0 and 180
°C and the thermograms of the second heating cycle are shown in Figure 2a. All the peptoids
were crystallizable exhibiting a sharp thermal transition. It’s intriguing that all the peptoids,
regardless of their molecular shapes, showed a similar melting temperature in the temperature
range of 80-84 °C. This suggests the likelihood that all the peptoids crystallize into a similar
crystal lattice. To further explore the lattice structure, X-ray diffraction analyses were conducted
for all the samples in bulk. As shown in Figure 2b and 2c, all the peptoids exhibited a nearly
identical pattern of diffraction peaks, revealing a similar crystal lattice. The diffraction pattern
observed was consistent with the known rectangular crystal lattice identified in our previously
reported peptoid diblock copolymer systems.'?2% 22 It should be noted that all the peptoids

exhibited only one melting transition (T,, ~80 °C), whereas our earlier reported system with

capped homo(N-alkylglycine) blocks showed two melting transitions corresponding to its liquid

crystallinity?’. Also, the XRD measurements of the peptoids in this study showed no discernible
higher order peaks for (100) at ~4.6 A, different than the capped homo(N-alkylglycine) system,

where higher order peaks of (100) were clearly observed. These differences indicate that the
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peptoids in this study have less ordered packing, probably owing to the hetero-length of side

chains.

As a comparison, two peptoids in which the molecular shapes of the hydrophobic blocks are not
self-complementary were also prepared (Figure S13). Interestingly, both peptoids can crystallize
as evidenced by the melting transition in DSC measurements. However, their melting
temperature is 5-10 °C lower as compared to peptoids 1-6 with self-complementary molecular
shapes. As shown in Figure S13, the melting temperature decreased as the non-complementarity
of the molecular shape increased, consistent with less ordered crystal packing in peptoids with

non-complementary molecular shapes.
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Figure 2. (A) DSC measurements of diblock copolyepeptoids 1-6 in bulk. (B, C) XRD measurements of
diblock copolyepeptoids 1-6 in bulk with q range of 0.1-0.4 A-! and 0.4-3.2 A-!, respectively.

Aqueous Self-assembly of Diblock Copolypeptoids. Amphiphilic diblock copolypeptoids have

been shown to self-assemble in solution into various structures including spherical micelles?’,
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nanosheets?> 282° nanotubes®?-3!, vesicles®? and fibers®3. The self-assembly behavior of all the
diblock copolypeptoids in this study were investigated in water. The peptoids were dissolved in
water/tetrahydrofuran (THF) (1:1 v/v) solution followed by evaporating the THF at 4 °C to drive
the crystallization of the hydrophobic block. All the peptoids studied formed crystalline
nanosheets in water, and the representative TEM and AFM images of sheet 1 were shown in
Figures 3A-3C. NanoDSC analysis of the aqueous nanosheet solutions showed that they have a
similar melting temperature in water, providing further evidence for their similar crystal packing
(Figure S15). This likelihood was further supported by X-ray diffraction analyses of dry
nanosheets showing a similar pattern of diffraction peaks as observed in the bulk materials
(Figure 4). It should be noted that additional diffraction peaks at high q ranges, corresponding to
higher order peaks of (100), were visible for sheet 1, 2, 3 and 4. This suggested that these three
sheets were more ordered than sheets 5 and 6 where the corresponding peaks were notably
absent. The less ordered feature of sheet 5 and 6 is probably due to the zig-zag molecular shape
of these two peptoids that makes the side chains more difficult to achieve perfect registry. The
thickness of dry nanosheets measured by atomic force microscopy (AFM) was around 4.2 = 0.3

nm (Figures 2C and 2D), which is in good agreement with the thickness obtained from the X-ray

diffraction analysis (4.2 £ 0.2 nm).
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Figure 3. (A) Representative TEM image of sheet 1. (B) Representative AFM image of sheet 1 using

tapping mode. (C, D) Thickness profiles of sheet 1.
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Figure 4. (A,B) XRD measurements of dry nanosheets 1-6 with q range of 0.1-0.4 A and 0.4-3.2 A,
respectively.

Proposed Molecular Packing Model of Nanosheets. Based on all the results mentioned above,
we propose a nanosheet model in which the peptoid molecules are packed antiparallel along the ¢
direction, and parallel along the a direction (Figure 5). In this way, the molecular shape of
adjacent peptoid chains along the ¢ direction is complementary to each other which allows them
to pack into an ordered rectangular crystal lattice. For peptoids 3 and 4, with an asymmetric
pattern of alternating n-decyl and n-heptyl side chains, the decyl side chains are packed against

heptyl side chains in the nanosheets, which is consistent with our earlier reported asymmetric

12
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aromatic system.2? It should also be noted that the a spacing (100) (~4.6 A) of the crystal lattice,
both in the bulk and the nanosheets, which is the distance between adjacent peptoid chains along
the a direction, is in agreement with the universal spacing observed in other peptoid crystals.!®
The b spacing (010), which is the thickness of nanosheets, is consistent with that obtained from
AFM measurements. The ¢ spacing (001), which is the distance between adjacent backbones
along the ¢ direction, is dependent on the side chain length and fits well to the linear plot of ¢

spacing with respect to side chain length in our previous study.!®

These results show that the known crystal lattice of N-alkyl peptoids is further engineerable by
changing the overall molecular shape of the hydrophobic domain. In contrast to previously
reported N-alkyl peptoid crystals, where only one type of side chain was used in each
hydrophobic block, the peptoids in this study had hetero-sequences with multiple distinct side
chains in each hydrophobic block, and the rectangular crystal lattice was well-preserved.
Additionally, this is different than the peptoids previously reported by Rosales e al. where point
defects were precisely introduced into the crystal lattice’4, the peptoid crystals in the present
study in effect contained no discernible defects, since the overall molecular shapes were

designed to be self-complementary to enable inter-strand recognition.

13
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Figure 5. Proposed nanosheet models of amphiphilic diblock copolypeptoids: Polypeptoid
chains are packed antiparallel along the ¢ direction and parallel along the a direction. The
hydrophobic block (orange color) is crystalline and the hydrophilic block (blue color) is
amorphous?>. The peptoids of different molecular shapes were packed into a similar rectangular
crystal lattice, as shown in the red box. Labels “C” and “N” refer to the C- and N-terminus,

respectively.

Conclusion

In this study, three sets of sequence-defined diblock copolypeptoids bearing different molecular
shapes (trapezoid, comb and zig-zag) were designed and synthesized as a step to introduce
features that enable a higher degree of inter-chain molecular recognition. We utilized their shape
complementarity to achieve inter-strand recognized assembly between peptoid chains.

Intriguingly, despite the varied molecular shapes, all the diblock copolypeptoids crystallized in

14
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bulk into a similar rectangular crystal lattice, as revealed by their similar melting temperatures
and X-ray diffraction patterns. All the peptoids also self-assembled into crystalline nanosheets in
water with a similar rectangular crystal lattice as that observed in the bulk material, regardless of
their different molecular shapes. These results inspire us to further explore the degree of
specificity of these peptoids in co-assembly experiments in bulk or solution, to determine
whether the peptoids can segregate into separate lattices. This work sets the stage to exploit
small differences in shape to achieve selectivity in bulk and solution assembly. The inter-strand
recognition of these peptoids also inspires us to design two distinct peptoid strands that are not
self-complementary, yet can co-assemble to segregate into alternating rows in an antiparallel
manner in solution. In this way, Janus peptoid nanosheets with different functionalities on the
two surfaces could be potentially created, which is of great interest in both material sciences and
biotechnology. These investigations are currently underway. These results suggest that the
molecular shape complementarity could be a potential design element for the construction of
more complicated peptoid nanomaterials that rival the structural and functional complexity found

1n nature.
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