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Abstract

Peptoids (N-substituted glycines) are a group of highly controllable peptidomimetic
polymers. Amphiphilic diblock peptoids have been engineered to assemble crystalline
nanospheres, nanofibrils, nanosheets, and nanotubes with biochemical, biomedical,
and bioengineering applications. The mechanical properties of peptoid nanoaggre-
gates and their relationship to the emergent self-assembled morphologies have been
relatively unexplored and are critical for the rational design of peptoid nanomateri-
als. In this work, we consider a family of amphiphilic diblock peptoids consisting of
a prototypical tube-former — Nbrpm6Nc6, a NH, capped hydrophobic block of six N-
((4-bromophenyl)methyl)glycine residues conjugated to a polar NH3(CHy)5CO tail —
a prototypical sheet-former — Nbrpe6Nc6, where the hydrophobic block comprises six
N-((4-bromophenyl)ethyl)glycine residues — and an intermediate sequence that forms
mixed structures — (NbrpeNbrpm)3Nc6. We combine all-atom molecular dynamics
simulations and atomic force microscopy to determine the mechanical properties of the
self-assembled 2D crystalline nanosheets and relate these properties to the observed
self-assembled morphologies. We find good agreement between our computational pre-
dictions and experimental measurements of Young’s modulus of crystalline nanosheets.
A computational analysis of the bending modulus along the two axes of the planar
crystalline nanosheets reveals bending to be more favorable along the axis in which the
peptoids stack by interdigitation of the side chains compared to that in which they form
columnar crystals with pi-stacked side chains. We construct molecular models of nan-
otubes of the Nbrpm6Nc6 tube-forming peptoid and predict a stability optimum in good
agreement with experimental measurements. A theoretical model of nanotube stability
suggests that this optimum is a free energy minimum corresponding to a “Goldilocks”

tube radius at which capillary wave fluctuations in the tube wall are minimized.



1 Introduction

Peptoids (N-substituted glycines) are a group of promising peptidomimetic polymers that
are regioisomers of natural peptides. Peptoids have been proposed as promising biomimetic
and biocompatible molecular materials that have recently found applications in numerous

55,5718 Peptoids possess a similar

biochemical, biomedical, and bioengineering applications.
chemical structure to natural peptides, but are differentiated by the attachment of the pep-
toid side chain to the amide nitrogen rather than the a-carbon, as is the case in natural
peptides.” This structural modification leads to large changes in the molecular properties of
peptoids relative to peptides due to elimination of the a-carbon chiral center, loss of —NH
hydrogen bond donors, accessibility of backbone w dihedral cis/trans isomerizations, and
resistance to recognition and degradation by proteolytic enzymes.?" 11920 Peptoid synthe-

3,21,22

sis is cheap, easy, and precisely controllable and has been used to fabricate peptoids

capable of self-assembling into diverse supramolecular morphologies such as spheres, helices,
tubes, cylinders, ribbons, bilayers, and sheets. -17-19:23-33

Self-assembled crystalline peptoid nanotubes were first reported by Vollrath et al. in
2013.3* Since then, they have drawn substantial research interest into their molecular struc-
ture, materials properties, and potential technological applications.®3%3® The first peptoid
nanotubes were composed from columnar stacks of cyclic peptoids,3* but more recently pep-
toid nanotubes and nanosheets have been produced from amphiphilic peptoid chains contain-
ing alternating 2% or diblock 193540 arrangements of hydrophilic and hydrophobic compo-
nents. Self-assembly of peptoid nanotubes assembled from short amphiphilic sequences has
been observed in experiments through a putative sheet-to-tube transition.*® Models for the
structure of the peptoid nanotubes have been proposed,3® but their atomic-level structures
have never been fully resolved and significant questions remain unanswered. Do the elastic
properties of planar nanosheets dictate the propensity for particular peptoid sequences to

form nanotubes rather than nanosheets? What is the molecular structure of a nanotube,

is it simply a rolled up nanosheet? What controls the preferred axial direction for rolling



of the nanosheet into a nanotube? What is the origin of the observed tight distribution in
nanotube radii?

In this work, we conduct all-atom molecular dynamics (MD) simulations and atomic force
microscopy (AFM) measurements to determine the mechanical properties of peptoid tubes
and sheets and relate these to the supramolecular structure of the self-assembled morpholo-
gies. We consider a family of three amphiphilic diblock peptoids: Nbrpe6Nc6, (NbrpeN-
brpm)3Nc6, and Nbrpm6Nc6. Nbrpe and Nbrpm represent, respectively, NH, capped hy-
drophobic blocks of six N-((4-bromophenyl)methyl)glycine and N-((4-bromophenyl)ethyl)glycine
residues, while Nc6 is a polar 6-aminohexanoic acid (NH4(CH,),CO) tail (Fig. 1). Nbrpe6Nc6
is a prototypical sheet-forming sequence!®3%4143 that we observe to form molecularly-thin
extended nanosheets with linear extents of approximately 1-3 ym (Fig. 1a). Nbrpm6Nc6 is
a prototypical tube-forming sequence®”3%4* that we observe to assemble nanotubes with an
approximate radius of ~20 nm (Fig. 1b). Jin et al. previously studied the closely related
Nbrpm6Nce6 sequence — where the polar Nce6 tail comprises six N-(2-carboxyethyl) glycine
repeats — and reported a diameter distribution of (37.2 4+ 2.7) nm over 50 nanotubes imaged
by transmission electron microscopy (TEM), corresponding to a similar characteristic radius
of ~19 nm.3* (NbrpeNbrpm)3Nc6 is a mixed sequence that forms mixed structures of planar
nanosheets, sheets with curved edges, and twisted fibrils (Fig. 1c).

Our primary findings for these three systems are as follows. Our computational predic-
tions and experimental measurements of the Young’s moduli of Nbrpe6Nc6 and (NbrpeN-
brpm)3Nc6 planar peptoid sheets are in good agreement, lending confidence to our com-
putational predictions of the directionally-resolved bending moduli and Young’s modulus
measurement, of Nbrpm6Nc6 sheets that, as a tube forming sequence, are not readily acces-
sible to experiment. We predict a substantially lower bending modulus along one axis of the
nanosheet that suggesting an axial preference for the formation of nanotubes along that axis
in which the peptoids stack by interdigitation of the side chains compared to that in which

they form columnar crystals with pi-stacked side chains. Molecular simulations of a nanotube
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Figure 1: AFM images of self-assembled peptoid nanostructures formed by slow solvent evapora-
tion. (a) Nbrpe6Nc6 — a NH, capped hydrophobic block of six N-((4-bromophenyl)ethyl)glycine
residues conjugated to a polar NH5(CH,);CO tail — spontaneously assembles into molecularly-thin
planar crystalline nanosheets. (b) Nbrpm6Nc6 — a NH, capped hydrophobic block of six N-((4-
bromophenyl)methyl)glycine residues conjugated to a polar NH3(CH,);CO tail — assembles into
nanotubes with an approxiamte radius of ~20 nm. (c¢) (NbrpeNbrpm)3Nc6 — a mixed sequence —
forms mixed structures including planar nanosheets, sheets with curved edges, and twisted fibrils.
Here we show an example of striped nanosheets with curved edges. (d) Molecular structure of
crystalline planar nanosheets in parallel V and anti-parallel V configurations.'® Schematic Vs are
superposed on the molecular models to highlight the packing differences. To help distinguish the
component parts of the peptoid molecules, the Nbrpe6 blocks are colored based on their atom types
while the Nc6 tails are colored in purple. Peptoid nanotubes have been proposed to form by a
putative sheet-to-tube transition in which nanosheets roll up along their z-axis.3®



produce a structure in good agreement with prior models,® but suggest that the structure
is not simply a rolled-up nanosheet and possesses subtle differences in the molecular details
of the side chain packing in the tube wall. A theoretical model of nanotube stability pro-
vides a molecular-level rationalization for the peaked distribution of Nbrpm6Nc6 nanotubes
observed in experiment as the result of a free energy minimum resulting from minimization
of capillary wave fluctuations in the tube wall. Our results bridge understanding of the
materials properties of peptoid nanoaggregates and new precepts for the design and control

of peptoid nanomaterials.

2 Materials and Methods

2.1 Solid-phase peptoid synthesis

Nbrpe6Nc6, (NbrpeNbrpm)3Nc6, and Nbrpm6Nc6 peptoids were synthesized using an Aap-
patec Apex 396 robotic synthesizer using a solid-phase submonomer synthesis procedure
detailed in Refs.?!3%3% Product peptoids were cleaved from the resin using 95% aqueous so-
lution of trifluoroacetic acid (TFA). Purification was then conducted using preparative high
performance liquid chromatography (prep-HPLC) and the purified product confirmed using
a Waters ACQUITY reverse-phase ultra performance liquid chromatograph (UPLC) and a
Waters SQD2 mass spectrometer. The terminal purified peptoid was lyophilized twice and

stored as a powder at (-80)°C.

2.2 Evaporation-induced assembly of nanosheets and nanotubes

Peptoids were induced to self-assemble into nanosheets and nanotubes using an evaporative
assembly procedure detailed in Refs.3®3% The lyophilized powder of peptoids was hydrated
in 50:50 v/v acetonitrile/water solution to a concentration of 5.0 mM, and the organic

component evaporated at 4°C over the course of seven days.



2.3 Atomic force microscopy (AFM) nanomechanical measurement

The peptoid assembly solution was diluted 20-40 times in water. Then 20 ul diluted peptoid
solution was deposited onto freshly cleaved muscovite mica (Ted Pella, CA) and incubated
for 20 min. Later the mica surface was rinsed with 100 ul water (Ambion, Thermo Fisher Sci-
entific) and characterized in water with ScayAsyst-Fluid+ AFM probes (Bruker, CA) using
MultiMode VIII AFM (Bruker, CA) in PeakForce QNM mode. Before the nanomechanical
measurement, the AFM cantilever and AFM hardware were calibrated with the protocol
in the user manual from Bruker. The raw data were further analyzed by offline software,

Nanoscope Analysis v1.5 (Bruker, CA).

2.4 All-atom molecular dynamics (MD) simulations

All-atom molecular models of peptoids. The three amphiphilic diblock peptoids con-
sidered in this work — Nbrpe6Nc6, (NbrpeNbrpm)3Nc6, and Nbrpm6Nc6 — comprise three
molecular building blocks: a hydrophobic N-((4-bromophenyl)ethyl)glycine residue (Nbrpe),
a hydrophobic N-((4-bromophenyl)methyl)glycine residue (Nbrpm), and a polar NH4(CH,),CO
(Nc6) tail. Peptoid sequences are constructed using Avogadro 1.2.0,%° and modeled using the
improved all-atom CGenFF peptoid force field developed by Weiser and Santiso as a peptoid-
tuned modification of the CHARMM?22 peptide force field.*64® We observe that alternative
choices of force field exist, including the MFTOID model*® and the DREIDING-based PEP-
DROID model .5 Experimentally, peptoid assembly typically proceeds by dissolution in
an organic solvent/water mixture and then slowly evaporating the organic phase to induce
hydrophobic association into the terminal nanoaggregates that are the thermodynamically
stable state in the final pure water solvent.!?30:3841 We have previously explored the mech-
anistic pathways for the self-assembly of crystalline peptoid sheets as a function of solvent
quality,* but in this work we model only the terminal self-assembled nanoaggregates in a
pure water environment. The amine group at the end of the Nc6 alkyl chain is assumed to be

fully protonated as —NH," within the water solvent at pH 7. The pKa of the Nc6 terminal
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amine estimated from hexylamine is ~10.8,%! leading us to model it as protonated. While it
is possible to model the dynamic equilibrium and context dependence of protonation state

2 or constant pH simulations ,%® these approaches remain too

using reactive force fields °
computationally expensive to permit access to the microsecond time scales required by this
work and so we fix the protonation state of ionizable groups. Water was modeled using the
TIP3P model.* Initial system configurations were generated using Packmol.? All-atom MD
simulations were performed in Gromacs 2019.2.%67 Forces in excess of 1000 kJ/mol.nm in
the initial state of the system were removed through steepest descent energy minimization.
Initial atom velocities were assigned from a Maxwell-Boltzmann distribution at 300 K. Pe-
riodic boundary conditions were applied in all three dimensions. Unless otherwise stated,
systems were first equilibrated for 200 ps in the NPT ensemble at 300 K and 1 bar employing
a velocity rescaling thermostat®® with a time constant of 0.1 ps and a Berendsen barostat
with a time constant of 1.0 ps and compressibility of 4.5x107® bar~!, then subjected to
production runs of 1 us or more in the NPT ensemble at 300 K and 1 bar employing a Nosé-

t% with a time constant of 1.0 ps and Parrinello-Rahman barostat®! with

Hoover thermosta
a time constant of 1.0 ps and compressibility of 4.5x107° bar~!. The equations of motion
were numerically integrated using a leap-frog algorithm%? with 2 fs time step. The LINCS
algorithm was used to fix the length of covalent bonds involving hydrogen. % Lennard-Jones
interactions were shifted smoothly to zero at a 1.2 nm cutoff. Electrostatics were modeled
using particle mesh Ewald summation® with a real-space cutoff of 1.0 nm and 0.16 nm
Fourier grid spacing that were optimized during runtime. Simulation snapshots were saved
for analysis at a 10 ps save rate. Simulation trajectories were visualized using VMD. %
Construction of planar crystalline nanosheets. Initial coordinates of Nbrpe6Nc6,
(NbrpeNbrpm)3Nc6, and Nbrpm6Nc6 peptoid monomers within planar crystalline nanosheets
were generated using an approach previously detailed in Ref.#! Planar crystals were con-

structed from a single layer of peptoid monomers elongated in the z-dimension based on

the “parallel V7 and “anti-parallel V” structures reported by Xuan et al. (cf. Figs. 2 and 3,



therein).' Our prior simulation studies have shown the trans (w = 180°) state of the w back-
bone dihedrals to be the stable isomer of this torsional angle within a crystalline nanosheets. 4!
Nanosheets are periodic in the x and y dimensions. We define the xz-dimension as the axis
along which peptoids stack by interdigitation of the side chains and the y-dimension as that
in which they form columnar crystals with pi-stacking of the aromatic rings of the side chains.

For the purposes of calculating the Young’s modulus Y by simulated nanoindentation
(vide infra), we constructed approximately square nanosheets constructed from columns of
28 monomers stacked in the y-direction with a 0.45 nm spacing between peptoids, which
themselves are elongated in the z-dimension. Eight such columns were then assembled in
the z-dimension with a 1.8 nm spacing between each stack. The directionality of each y-
stack was maintained constant between all stacks to form a nanosheet in the parallel V
configuration, or alternated to assemble a sheet in the anti-parallel V configuration (cf.
Fig. 1d). Nanosheets were placed in a (14.2 x 14.2 x 9.5) nm?® box and solvated with 50,250
water molecules at a density of ~1 g/cm? and 224 OH™ ions to maintain charge neutrality.
The z dimension of the box was sufficiently large that the sheet did not directly interact
with its own periodic image through the periodic boundaries in z. We verified that our
calculations did not suffer from finite size effects by confirming agreement with predictions
computed for sheets with 43% larger areas.

A similar construction protocol was followed to construct nanosheets used to compute
directionally-resolved bending moduli in z and y by applying uniaxial deformations (vide in-
fra). For calculation of the z bending modulus Y, we assembled columns of eight monomers
in the y-dimension and packed five such columns in the x-dimension in either a parallel V
or anti-parallel V configuration. Nanosheets were placed in a (10 x 3.6 x 7.2) nm?® box and
solvated with 8,300 water molecules at a density of ~1 g/cm?® and 42 OH™ ions to maintain
charge neutrality. For calculation of the y bending modulus Y,,, we assembled columns of 22
monomers in the y-dimension and packed two such columns in the z-dimension in either a

parallel V or anti-parallel V configuration. Nanosheets were placed in a (10 x 3.6 x 7.2) nm?



box and solvated with 8 300 water molecules at a density of ~1 g/cm?® and 44 OH™ ions to
maintain charge neutrality. We verified that our calculations did not suffer from finite size
effects by confirming agreement with predictions computed in boxes 50% larger along the
bending dimension.

To relax the initial configuration of the planar nanosheets, we employed a multi-stage
equilibration protocol in the semi-isotropic NPT ensemble.#! We heated the systems from
0 K to 300 K in increments of 50 K over the course of 30 ps using a velocity rescaling

t°® with a time constant of 0.1 ps, and maintained the pressure at 1 bar using a

thermosta
Berendsen barostat®® with a time constant of 1.0 ps and compressibility of 4.5x107° bar~! for
the independently coupled zy and z dimensions. We then performed relaxation runs of 1 us in
the semi-isotropic NPT ensemble at 300 K and 1 bar employing a Nosé-Hoover thermostat %
with a time constant of 1.0 ps and Parrinello-Rahman barostat® with a time constant of
1.0 ps and compressibility of 4.5x107° bar~! for the zy and z dimensions. Young’s modulus
and directional bending moduli calculations were performed on the relaxed nanosheets in
the terminal frame of the relaxation run.

Construction of Nbrpm6Nc6 nanotubes. Nanotubes assembled from diblock am-
phiphilic peptoids have been speculated to form by a putative sheet-to-tube transition, in
which a nanosheet rolls up along its z-axis.®® The sheet-to-tube transition is known exper-
imentally to require hours to days to complete,®® meaning that it lies far outside the time
scales of molecular dynamics simulations and that it is intractable to simulate the transi-
tion directly. Instead, we constructed initial molecular models for a cylindrical nanotube
formed by the Nbrpm6Nc6 tube-forming sequence by excising from the relaxed structure of
the planar crystalline nanosheets after the 1 us relaxation run a small unit cell comprising
six columnar monomers stacked in y and two such columns stacked together in = (Fig. 4).
We assembled copies of this unit cell into a circular geometry with the y-stacked columns
lying along the long axis of the nanotube at separations of 1.48 nm to generate cylindrical

slices of the nanotube in the xz plane in either a parallel V or anti-parallel V manner and
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f.3% By varying the number of y-stacks

mimicking the molecular geometry proposed in Re
comprising the circumference of the cylinder between 64-88, we modeled nanotubes with
radii of approximately R = 15-20 nm. Nanotubes were placed in cubic simulation boxes of
dimensions in the range (39.8 x 39.8 x 3) — (51.1 x 51.1 x 3) nm?, depending on the radius
of the nanotube. Periodic boundary conditions were applied in all three dimensions and we
ensured that the x and z dimensions were sufficiently large to prevent direct interactions of
the nanotube with its own periodic images through the x and z periodic walls. The system
was solvated with 130,719-222,356 water molecules to a density of ~1 g/cm?® and 384-528
OH™ ions to maintain charge neutrality. It was ensured that the local water density inside
and outside of the tube was equal since the topology of the simulation means that there is
no possibility for water exchange over the tube wall.

We employed a multi-stage equilibration protocol in the semi-isotropic NPT ensemble to
relax the nanotubes.*! We heated the systems from 0 K to 300 K in increments of 50 K over
the course of 30 ps using a velocity rescaling thermostat® with a time constant of 0.1 ps, and

%9 with a time constant of 1.0 ps

maintained the pressure at 1 bar using a Berendsen barosta
and compressibility of 4.5x107° bar~! for the independently coupled zz and y dimensions.
Relaxation runs of 10 ns were conducted in the semi-isotropic NPT ensemble at 300 K and
1 bar employing a Nosé-Hoover thermostat® with a time constant of 1.0 ps and Parrinello-

t% with a time constant of 1.0 ps and compressibility of 4.5x107° bar~! for

Rahman barosta
the zz and y dimensions.

We found that the initial nanotubes assembled by this procedure tended to exhibit struc-
tural instabilities and develop defects within the tube wall wherein neighboring columns shift
out of register. Accordingly, we iteratively repeated the nanotube construction protocol mul-
tiple times by identifying the smoothest portion of the nanotube wall and extracting a new
two-column unit cell from this portion of the cylindrical cross section. This unit cell was then

used to build the coordinates of a new nanotube using the procedure described above. Im-

portantly, we also re-solvated the newly constructed tube ensuring equal local water density
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of ~1 g/cm? inside and outside the tube. In general, we had to perform approximately three
iterations of this process to achieve unit cells with a fixed structure that produced defect-free
nanotubes. The terminal unit cell resulting from this iterative process differs between the
parallel V and anti-parallel V morphologies but is well-conserved among nanotubes of all
radii considered in this work (Fig. 4). The nanotube unit cells differ from those found in
the planar nanosheets (Fig. 1d) in terms of the relative tilting of the columns that make an
angles of approximately 5-20° with the z-axis and the offset in the interdigitated packing of
side chains between adjacent columns in the nanotube wall.

Computational prediction of nanosheet Young’s moduli by simulated nanoin-
dentation. We predicted the Young’s moduli Y of the planar crystalline nanosheets by
computationally mimicking the experimental nanoindentation process.%¢ ™ We followed a
protocol detailed in Refs.”™™ for the prediction of the Young’s modulus of single-layer
and multi-layer graphene. Within these calculations, we modeled the indenter tip as a
a = 2 nm diameter diamond nanosphere comprising 779 carbon atoms. The nanosphere
was initially placed at z = +2 nm above the center of the relaxed nanosheet lying in the
xy plane and then driven into the sheet at a with 0.002 nm/ps pulling rate and (-1000)
kJ/(mol.nm?) elastic constant towards corresponding points below sheets using center-of-
mass pulling over the course of a 2 ns simulation (Fig. 2b, left). A 1.5 nm strip around
the perimeter of the (14.2 x 14.2) nm? nanosheet was held fixed by freezing all atoms
within this clamping zone. We tracked the z-component of the loading force F, experi-
enced by the nanosheet over the course of the simulation together with the z-component

of the displacement of the nanosheet ¢, and fitted the initial regime of the F,—d, force-

4YVR 53/2
3(1—-v2) "7

indentation curve using a Hertz model F, = , where Y is the Young’s modulus,
v is the Poisson ratio, and R is the radius of the parabolic tip (Fig. 2b, right) ™" The
diamond nanosphere employed here possesses & = 1 nm, and we adopt a Poisson modu-

lus of ¥ = 0.3 based on experimental measurements of polymeric materials.”* A number

of possible contact mechanics models are available to fit the simulated nanoindentation
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data,™7™ but the spherical nanoindenter Hertz model is used to mimic the analysis per-
formed of our experimental data and, as we shall demonstrate, yields Young’s moduli pre-
dictions in good agreement with our experimental measurements. Defining (x,y) = (0,0)
as the center of the nanosheet, we repeated these calculations at a total of nine locations —
[(0,0), (—=0.5,—0.5), (—0.5,+0.5), (+0.5,—0.5), (+0.5, +0.5), (=1, —1), (=1, +1), (+1, —=1), (+1, +1)]
nm — to compute a mean Y and estimate its standard error. Additionally, as an internal
consistency check that the size of the nanosheet was sufficiently large to avoid finite size
effects, we verified that the moduli computed over the four (£0.5, £0.5) nm calculations and
over the four (£1,+1) nm calculations lay within standard errors of one another.
Computational prediction of nanosheet bending moduli by uniaxial defor-
mation. Directional bending moduli Y, in the two dimensions a = {z,y} of the peptoid
nanosheets were calculated using uniaxial deformation simulations. Given the crystal nature
of the peptoid nanosheets, we follow the approach detailed in Ref.” that is appropriate for
crystalline systems and which estimates the bending modulus as the slope of the initial linear
region of the stress-strain response curve. Approaches more suitable for fluid /gel membranes
rely on inducing buckling of the sheet and fitting of a more complicated functional form.””
Calculations were conducted on initially relaxed nanosheets in the semi-isotropic NPT en-
semble at 300 K and 1 bar employing a Nosé-Hoover thermostat® with a time constant of

t% with a time constant of 1.0 ps and compressibil-

1.0 ps and Parrinello-Rahman barosta
ity of 4.5x1075 bar~! for the z dimension and 0 bar~! for zy dimensions since we do not
couple the plane undergoing deformation. To estimate the bending modulus Y,, we applied
a constant deformation rate of (—1 x 107°) nm/ps to the a-dimension of the cubic simu-
lation box over the course of a 300 ns production run (Fig. 3a). The instantaneous strain
at any instant ¢ is defined as 7, (t) = [La(t) — La(0)] /Lo (0), where L,(t) is the simulation
box side length in the o dimension at time ¢. The corresponding instantaneous stress 7, (t)

in the a-dimension is computed from the P,,(tf) component of the stress tensor computed

using the gmx energy implementation within Gromacs 2019.2.°657 The directional bend-
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ing modulus Y, is estimated as the slope of the 7,-v, stress-strain curve within the linear
response regime (Fig. 3b). Calculations in = and y were performed for Nbrpm6Nc6 and
NbrpeNbrpm3Nc6, and Nbrpe6Nc6 nanosheets in both parallel V and anti-parallel V config-
urations. Four independent simulations were conducted for each system to compute means

and estimate standard errors for a total of 48 simulations.

3 Results and Discussion

3.1 Experimental measurement and computational prediction of

Young’s moduli of peptoid nanosheets

It has been proposed that peptoid nanotubes assembled from amphiphilic diblocks form
through a putative sheet-to-tube transition by rolling up the nanosheet.3® The mechan-
ical resistance to this rolling transition is governed by the bending modulus. Here, we
measured the effective Young’s modulus of Nbrpe6Nc6 and (NbrpeNbrpm)3Nc6 nanosheets
using AFM-based nanoindentation readings taken over a grid of 512x512 = 262,144 loca-
tions over the nanosheet (Fig. 2a). We also conducted virtual nanoindentation calculations
using all-atom molecular dynamics simulations (Fig. 2b). The purpose of the calculations
was twofold: to validate the molecular models by testing their capability to predict an ex-
perimentally measurable materials property, and to permit the estimation of the Young’s
modulus of Nbrpm6Nc6 nanosheets, which — as a tube-forming sequence — are not readily
accessible to experimental measurements but can be computationally constructed and their
materials properties calculated. We present in Fig. 2¢ the results of our experiments and
computations from which we make four primary observations.

First, we see good agreement between the computational predictions and experimental
measurements. The experimental Young’s moduli for Nbrpe6Nc6 and (NbrpeNbrpm)3Nc6
are in quite good agreement with the computational predictions: Nbrpe6Nc6: (1.204+0.41)
GPa (expt), (0.77+0.12) GPa (comput, parallel V), (1.00+0.06) GPa (comput, anti-parallel

14
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Figure 2: Experimental measurement and computational prediction of nanosheet Young’s moduli
by nanoindentation. (a) Experimental AFM measurement of Nbrpe6Nc6 and NbrpeNbrpm3Nc6
nanosheets showing (left) AFM height images of peptoid nanosheets, (middle) simultaneously re-
solved maps of the experimentally measured Young’s modulus over the nanosheets, and (right)
distributions of moduli. (b) Illustration of the force-indentation response extracted from molecular
dynamics simulations of the simulated nanoindentation procedure applied to the parallel V (NbrpeN-
brpm)3Nc6 nanosheet. A diamond nanosphere is driven at constant velocity v, to perpendicularly
impinge into the xy plane of the relaxed peptoid nanosheet. The force-indentation F,-J, response is
recorded over the course of the simulation and fitted to a Hertz model within the small indentation
regime to infer the Young’s modulus Y. (c) Experimental AFM measurement and computational
prediction of Young’s moduli for Nbrpm6Nc6, (NbrpeNbrpm)3Nc6, and Nbrpe6Nc6 nanosheets.
Computational error bars correspond to standard errors computed over nine independent measure-
ments at different indentation locations. Experimental error bars correspond to standard errors over
the 512x512 = 262,144 measurement locations. Since Nbrpm6Nc6 spontaneously assembles into
nanotubes, nanosheets are not available for experimental measurements but can be computationally
constructed and interrogated for their materials properties.

V); (NbrpeNbrpm)3Nc6: (1.794+0.45) GPa (expt), (0.78+0.06) GPa (comput, parallel V),
(1.314£0.10) GPa (comput, anti-parallel V). Specifically, for Nbrpe6Nc6 the experimental
measurements and computational predictions for both the parallel and anti-parallel sheets
lie within error bars, and for (NbrpeNbrpm)3Nc6 the experimental measurement and anti-
parallel computational prediction agree within error bars. This provides good validation of
the predictive capacity of the computational models and lends credence to our computa-
tional predictions of the Young’s modulus for Nbrpm6Nc6 — Nbrpm6Nc6: (1.32£0.21) GPa
(comput - parallel V), (0.93£0.10) GPa (comput - anti-parallel V) — for which experimental

measurements are unavailable.
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Second, the predicted Young’s moduli predictions for the parallel V and anti-parallel V
configurations are, within error bars, relatively close for the three systems, differing by less
than 0.37 GPa. Prior free energy calculations have predicted the parallel V and anti-parallel
V morphologies to be equally thermodynamically stable and have suggested that nanosheets
may actually exist as a mix of the two morphologies.*! The similarity of the parallel V and
anti-parallel V moduli is consistent with a picture of similar thermodynamic and mechanical
stability and a possible mixed character of the nanosheets.

Third, we see no correlation, at least within the resolution of our measurements and
predictions, between the Young’s modulus and the propensity of a peptoid sequence to pref-
erentially assemble into nanotubes (Nbrpm6Nc6), nanosheets (Nbrpe6Nc6), or aggregates of
mixed character ((NbrpeNbrpm)3Nc6), with all three sequences forming peptoid nanosheets
with Young’s moduli of approximately 1 GPa.

Fourth, we observe that the experimentally measured Young’s moduli of ~1-2 GPa for the
(NbrpeNbrpm)3Nc6 and Nbrpe6Nc6 peptoid nanosheets is approximately one order of mag-
nitude smaller than the values of ~13-17 GPa measured for the closely related Nce6Nbrpmb,
Nce6Nbrpm6, and Nce6Nbrpm?7 nanotubes previously reported by Jin et al.?® The measure-
ments conducted herein used an AFM tip to measure the force-indentation response of a
flat nanosheet, whereas those conducted by Jin et al. used an AFM tip to deform an entire
self-assembled nanotube from a circular to elliptical cross-sectional geometry. Accordingly,
whereas the present measurements consider only the intrinsic properties of a flat nanosheet,
the prior measurements reflect the global elastic response of the nanotube as a function of
both the intrinsic materials properties of the tube wall and the influence of the self-assembled

cylindrical geometry.

3.2 Computational prediction of bending moduli of peptoid nanosheets

We have previously proposed a putative sheet-to-tube transition in which peptoid nanotubes

are formed by rolling up peptoid nanosheets along their z-axis®® (Fig. 1d). However, the ra-
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tionale for tube rolling along the x-direction as opposed to the y-direction has not previously
been supported. Heartened by the good experimental agreement of the Young’s modulus
predictions from our computational model, we use our model to predict the axially-resolved
bending moduli Y, and Y, along the two axes of the planar nanosheet by computing the
slope of the initial linear region of the stress-strain response under uniaxial deformation
(Fig. 3a,b). We present the results of our calculations in Fig. 3c.

With the exception of the parallel V Nbrpm6Nc6 system, we predict the y-bending mod-
ulus Y, corresponding to deformation of the nanosheets along the pi-stacked crystalline
peptoid columns to lie in the approximate range of 1.2-1.5 GPa for both the parallel V and
anti-parallel V arrangements for all three peptoid sequences. We predict the z-bending mod-
ulus Y, corresponding to bending of the nanosheets across the pi-stacked peptoid columns
to be substantially lower, with these values lying in the approximate range 0.1-0.6 GPa.
These results suggest that bending deformation of the nanosheets is generally easier along
the x-axis in which the pi-stacked columns interdigitate via their side chains compared to
the y-axis in which the columns form by pi-stacking of the side chain aromatic rings. This is
consistent with intuition that it should require more force to disrupt the columnar crystals
formed by pi-stacking of multiple aromatic side chains in y compared to deformation of the
relatively weaker interactions due to interdigitation of the side chains that do not involve
pi-stacking in x. This determination is consistent with the previously proposed model in
which the nanotube structure corresponds to rolling up a nanosheet in the z-dimension such
that the columnar pi-stacked crystals are aligned along the axis of the tube.?®

The small y-bending modulus recorded for the parallel V Nbrpm6Nc6 nanosheet is both
anomalous relative to the other sequences and highly reproducible, with our four indepen-
dent calculations returning values of Y, within the range 0.2-0.7 GPa. To probe the origin
of this behavior we analyzed the packing of the peptoids within the sheets under the appli-
cation of an applied deformation. In Fig. 3d we present snapshots of parallel V Nbrpe6Nc6,

(NbrpeNbrpm)3Nc6, and Nbrpm6Nc6 sheets in the undeformed (i.e., 7,=0) state and under

17



a. x-deformation b.

" Slope, Yy = 1.48 GPa

0.00

0.000 0.025 0.050 0.075 0.100 0.125
Yy

M/
V7428

I-\\ "IN R

NbrpméNc6 (NbrpeNbrpm)3Nc6 Nbrpe6Nc6

ending
o o o
s & =
8 8 &

mparallelx Sparallely manti-parallelx S anti-parallel y

Nbrpm6Nc6

d. (

Figure 3: Computational prediction of nanosheet directional bending moduli by uniaxial defor-
mation. (a) Application of uniaxial deformation in 2 (upper) and y (lower) directions induce the
nanosheet to bend along these axial directions. We illustrate here as an example the initial and final
states of a Nbrpe6Nc6 nanosheet in a parallel V orientation. (b) Illustration of the stress-strain
curve 7,~, for the y-bending calculation presented in panel a. The bending modulus is estimated
as the slope of a least-squares linear fit to the low-stress/low-strain linear response regime. (c)
Directional bending moduli in z and y for parallel V and anti-parallel V nanosheets. Error bars
correspond to standard errors estimated over four independent calculations. (d) Comparison of
parallel V Nbrpe6Nc6, (NbrpeNbrpm)3Nc6, and Nbrpm6Nc6 sheets in the undeformed (i.e., v,=0)
state and under the application of a v,=7.8% y-strain. The Nbrpm6Nc6 sheet exhibits substantially
more disorder and loss of alignment between peptoid monomers, suggesting a possible structural
origin for the anomalously low y-bending modulus Y} of the parallel V Nbrpm6Nc6 sheet relative
to the parallel V Nbrpe6Nc6 and parallel V (NbrpeNbrpm)3Nc6 sheets.

the application of a 7,=7.8% y-strain. Comparing the strained configurations, we visu-

ally observe that the parallel V Nbrpm6Nc6 sheet exhibits substantially more disorder and
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loss of alignment between peptoid monomers constituting the sheet compared to the par-
allel V- Nbrpe6Nc6 and parallel V. (NbrpeNbrpm)3Nc6 sheets. This loss of order suggests
a possible structural origin for the anomalously low y-bending modulus Y, of the parallel
V Nbrpm6Nc6 sheet relative to the other two sequences, although further study, additional
simulations, and quantitative analysis of the change in structural packing along the deforma-
tion pathway would be required to fully resolve the precise inter-molecular interactions and
structural changes underpinning this behavior. This result suggests that it may be equally
easy to bend a parallel V Nbrpm6Nc6 nanosheet in x and y, such that we might anticipate
these nanotubes to be a mixture of these geometries. However, previous calculations have
identified the parallel V and anti-parallel V morphologies to be equally thermodynamically
stable, suggesting that nanosheets may comprise a mixture of these two structures.*!' It is
anticipated that the much larger Y, value for the anti-parallel V components of the sheet

would resist bending in y and make bending in x net more favorable overall.

3.3 Molecular structure of Nbrpm6Nc6 peptoid nanotubes.

Our axially-resolved bending modulus calculations support our previously proposed model
of a peptoid nanotube as a nanosheet rolled up along its z-direction,® but it is not known
whether the structure of the peptoid monomers and packing of their side chains within the
nanotube follow the same arrangement as those within the nanosheet. To probe the structure
of the nanotube walls, we constructed an initial Nbrpm6Nc6 nanotube by extracting a two-
column unit cell from a relaxed Nbrpm6Nc6 nanosheet and assembling it into a cylindrical
cross-section of radius R that was subjected to multiple cycles of gentle heating and structural
relaxation. Terminal nanotubes comprising 76 columnar peptoid stacks and a corresponding
radius of R =~ 17 nm in both parallel V and anti-parallel V arrangements are presented in
Fig. 4a,b as a representative illustration. We observe that the molecular organization of
the nanotube walls remain similar to that within the nanosheet with subtle, but significant,

differences. In both cases we observe a tilt in pi-stacked crystalline columns relative to
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the radial vector emanating from the nanotube center and an offset in the packing of the
interdigitated side chains. In the parallel V case, the tilt angles lie in the range 0-30° with
a mean of ~5° whereas in the anti-parallel case they lie in the range 0-40° with a mean
of ~20°. A t-test reveals that we can reject the null hypothesis that the distribution of
tilt angles in the two cases are drawn from the same distribution at a significance level of
a=0.01. The origin of this difference in terms of the precise intermolecular interactions
and packing differences in the two configurations at this stage remains elusive and would
require additional more detailed simulations and free energy calculations to map out the
structural changes and associated free energy landscape as a function of tilt angle. We
constructed models of nanotubes comprising n = [64, 68, 72, 76, 80, 84, 88| columnar
peptoid stacks within their circumference that resulted in nanotubes with observed radii R
= [15.00+4.25, 15.62+2.69, 16.24+2.32, 17.11£2.05, 18.46+3.84, 19.03+2.48, 20.0042.66|
nm centered around the experimentally reported characteristic radius of ~19 nm for the
closely related Nbrpm6Nce6 peptoid sequence®®(Fig. 4c, left). The fluctuations in the tube
radius og are a function of R that exhibits a minimum at a radius of approximately R = 17
nm for both the parallel V and anti-parallel V morphologies (Fig. 4c, right). This suggests

that there may be a most stable radius of the nanotube at which fluctuations are minimized.

3.4 Theoretical model of nanotube stability

To provide molecular understanding of the sharp distribution of Nbrpm6Nc6 nanotube radii

t3% and our simulation prediction of a nanotube radius at which fluc-

observed in experimen
tuations are minimized, we constructed a thermodynamic model of nanotube stability em-
ploying simple continuum mechanics.

Model development. Building upon a free energy model for the stability of carbon

80,81

nanotubes, we define the free energy of a cylindrical nanotube of radius R and length
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Figure 4: Molecular model of Nbrpm6Nc6 nanotubes. Computational construction and relaxation
of molecular models of Nbrpm6Nc6 nanotubes constructed from 76 columnar peptoid stacks in the
(a) parallel V and (b) anti-parallel V orientations. We present a zoomed in view of the two-column
unit cell of the nanotube wall comprising two y-stacked columns lying along the long axis of the
nanotube. Iterative relaxation of the unit cell and cylindrical cross-section converges to a structure
in which the y-stacked columns are tilted relative to the radial vector illustrated by the red arrow
and possess an offset in the interdigitated packing of side chains between adjacent columns in the
nanotube wall. In the parallel V case, the mean tilt angle is ~5° and in the anti-parallel case is
~20°. The distribution of tilt angles in the parallel V and anti-parallel V cases are statistically
distinguishable as confirmed by a t-test. (c¢) The left-hand plot illustrates the relationship between
number of columns constituting the nanotube wall and the radius R of the nanotube measured by
fitting a circle to the tube cross-section over the course of the molecular simulation. Error bars show
or corresponding to the standard deviations of R over the course of the simulation that reflect the
magnitude of the fluctuations in the radius of the nanotube. The right-hand plot illustrates the
relationship between o and R to show that the fluctuations are minimized at approximately R = 17
nm for both the parallel and anti-parallel geometries. (d) Time averaged squared Fourier coefficients
(a2) 4 (b?) as a function of wavenumber k computed over the 10 ns simulation trajectories of the
terminal relaxed nanotubes illustrated for the 76 column nanotube with corresponding radius of R ~
17 nm. Data are reported up to a maximum wavenumber of ky.x = 45 beyond which the coefficient
magnitudes are approximately zero. Standard errors in the time averages are estimated by five-fold
block averaging. (e) Estimated contribution of capillary wave term to the wall area-normalized free
energy Z’,z“:“;" (k*—1)((a})+ (b)) (cf. Eqn. 11) as a function of tube radius R and the corresponding
least-squares quadratic fit.
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L; relative to its constitutive isolated monomers,
ﬂotal - Fbend + Fassoc + Fcapillarya (1)

where Flenq is the contribution due to the bending strain energy required to roll the nanosheet
into a nanotube, F,q.. is the favorable free energy of association of the monomers comprising
the nanotube, and Fi,pinary is the interfacial free energy associated with the interface between
the tube and the solvent. We assume that the nanotube wall is incompressible so that there
are no contributions to the free energy associated with compression tangential to the tube
wall and that the cross-sectional area of the tube is conserved.

Assuming an elastic continuum, the bending free energy can be expressed as Fyeng =
LB/2 §(1/p*)dl, where L; is the axial length of the cylindrical tube, B is the bending stiff-
ness, p is the local radius of curvature, and P = ¢ dl is a curvilinear integral defining the
perimeter of the nanotube cross-section. The association free energy can be expressed as
Fossoc = —€(P/d)L; where 6 is the width of a column of peptoid monomers within the nan-
otube perimeter, (P/d) is the number of monomer columns comprising the perimeter, and
we define € as a non-negative constant specifying the favorable free energy of association
between adjacent pairs of monomers within the tube wall per unit axial length of the tube.
Monomer association is driven largely by the hydrophobic effect which makes monomer asso-
ciation thermodynamically spontaneous.* We assume that € is independent of the nanotube
radius R. The capillary, or interfacial, free energy is given by Feapinary = Lo ¢ dl, where o is
the surface tension between the nanotube wall and the solvent. Inserting these expressions
into Eqn. 1 and assuming a uniform axial cross section, we divide through by L; to obtain

the free energy per unit axial length,

Ftotal B ]_ EP
= — ¢ —dl — — dl. 2
L 2 7{ P 07{ @

The peptoid nanotube is a supramolecular object that may change its radius by associa-
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tion or dissociation of peptoid monomers. Thermodynamically, the relevant free energy to
minimize is the per monomer free energy. As such, we divide through by the number of
monomer columns comprising the nanotube perimeter (P/J) where P = 27 R is the equilib-
rium perimeter of the cylindrical cross-section of the tube to obtain an expression for the

free energy per peptoid monomer within the cylindrical cross-section,

frotal = = —dl — e+ —= ¢ dl. (3)

Hotal 0B f oo
L:(2rR/5)  47R 2R

To make progress, we now develop an expression for the location of the perimeter of the

tube cross section as a Fourier expansion in polar coordinates, 383

r(¢) = R

1+ ap+ Z ar, cos(ko) + Z b sin(kgb)] : (4)
k=1 k=1

where a; and b, are Fourier coefficients defined as,

27
w= = [ () cos(ko) do (5)
1 [ _
by, = oy ; 7(¢) sin(ko) do. (6)

Physically, Eqn. 4 allows for the possibility of thermally-driven capillary waves and represents
the location of the fluctuating interface relative to the equilibrium circular cross-section of
radius R through an angular dependence of the tube radius.®?%% The value of ay is specified
by the incompressibility condition wherein the enclosed equilibrium cross-sectional area A, =

7R? is conserved under deformation of the interface,8%%3

1 2 1 > 1 o
sz—/ r(¢) dp = mR* |1 +2a0+ =Y al+>> b =R
2 Jo 2k:1 2k::1
1 o0
= Qg = Z; ak—l—bQ (7)
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such that Eqn. 4 becomes,

1<, 2 -
r(¢) = R 1—Z;(ak+b +k§akcos ko) +;bksm ko) (8)

Next, we compute the circumference of the cylindrical nanotube cross-section by per-
forming the curvilinear integral § dl that appears in the capillary contribution to the free
energy by employing the Monge representation of the circumferential contour in the small

fluctuation limit and inserting Eqn. 8,82:83

for (oo ()

%/0 "(9) d¢+%/2“(3g§j>)2 a9
= 27rR+7T—RZ(k:2 —1)(a? + b3). (9)

2
k=2

In the absence of any capillary wave fluctuations (i.e., ay = by = 0, Vk) we recover the
equilibrium result for a static circular cross-section P = 27 R.

Now, returning to our expression for the per peptoid free energy in Eqn. 3, we insert
Eqn. 9 into the capillary (i.e., third) term to model contributions resulting from both the
equilibrium circular cross-section and capillary wave fluctuations. For the bending (i.e., first)
term, we make the simplifying assumption that the effect of the capillary waves upon the
local curvature and the bending energy can be neglected. This is valid in the limit of small
magnitude fluctuations and allows us to take the 1/p® out of the integral, set p = R, and
replace the remaining integral as ¢ di = 2w R. This results in our final expression for the free

energy per peptoid monomer per unit axial length,

s B) = 25— -t a7+ 2 362 - 1) + B (), (10)

where we identify the first term as the bending contribution, the second as the contribution
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from hydrophobic monomer association, the third as the equilibrium interfacial contribution
for a static cylindrical nanotube, and the fourth as the contribution due to the thermally-
driven capillary wave spectrum in the tube wall. We have also made explicit the dependence
of the overall free energy and the capillary wave Fourier coefficients on the tube radius.

Model analysis. This expression in Eqn. 10 is extremely informative in encapsulating
our physical understanding of the various free energy contributions into a mathematical
expression. Identifying B, €, o, ai, and b, as non-negative materials properties or Fourier
coefficients, we see that the bending term favors tubes of infinite radius (i.e., sheets) to
minimize the free energy cost associated with bending deformation. The association free
energy term is independent of tube radius R since, under the assumption that the association
free energy between peptoid monomers does not vary with their angle of contact within
the tube wall, every column of peptoid monomers in the tube wall possesses exactly two
neighboring columns regardless of tube radius. The static capillary /interfacial term is also
independent of R since, under the incompressibility assumption, the total peptoid surface
area exposed to solvent does not depend on the geometry of the tubes and sheets within
which the peptoids are assembled. The capillary wave contributions lead to an increase in
the tube free energy associated with axially-symmetric capillary excitations in the tube wall
that elevate the tube free energy. The dependence of the magnitude of these excitations
(i.e., ar and by) is dictated by both the tube radius and molecular details of the system
including the structural packing of the monomers within the tube wall, solvent interaction,
and temperature, and must generally be empirically determined by numerical simulation or
experimental observations. %2

Predicted tube radius. To simplify our analysis of the optimal nanotube radius, we
discard the terms with no R dependence in Eqn. 10 by redefining the arbitrary zero of the

free energy per peptoid monomer per unit axial length and also dividing through by the
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peptoid monomer width 4,

r oaR+ _5
ftOtal(R):fttl( )5 € U: +

> (R) + bx(R)). (11)

k=2
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Determination of the optimal nanotube radius amounts to minimizing the sum of the bending
and capillary wave terms in Eqn. 11.

We can obtain an analytical estimate for the bending term by appealing to the ma-
terials properties of the peptoid nanotube. The bending stiffness can be expressed as
B = Yh3/12(1 — v?), where Y is the Young’s modulus, h is the tube thickness, and v
is the Poisson ratio.®%®! Following our experimental measurements and computational pre-
dictions of the Young’s moduli for these peptoid nanosheets, we adopt a characteristic value
of Y = 1 GPa (Fig. 2c). The wall thickness of the nanotubes is approximately equal to
the fully extended length of a single peptoid chain for which we adopt a characteristic value
of h = 2.8 nm. The Poisson ratio for this specific peptoid material is unknown, but here
we adopt a characteristic Poisson ratio of polymeric materials v = 0.3.7* This results in a
bending stiffness of approximately B = 1.2 MJ/mol.

The absence of a good analytical model for the Fourier coefficients a,(R) and bi(R) as a
function of tube radius means that we cannot conduct a simple minimization of Eqn. 11 in
the presence of the capillary wave term. We can, however, turn to our numerical simulations
of relaxed Nbrpm6Nc6 nanotubes of various radii in the range R = 15-20 nm. We already
observed the fluctuations in the tube wall to be strongly dependent on the tube radius and
that the fluctuation magnitude exhibited a minimum at an intermediate radius of R ~ 17
nm (Fig. 4c). Motivated by our theoretical model, we conducted a Fourier analysis of the
fluctuation spectrum by applying fast Fourier transforms (FFT) to the contours of the cross-
sectional perimeter of the tube wall 7(¢) harvested over the course of our 10 ns simulation
trajectories of the terminal relaxed nanotubes.®>% We report the time-averaged sum of the

Fourier coefficients (a3) + (b?) as a function of the wavenumber k for each tube radius R
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(Fig. 4d) and the aggregated contribution Y .-, (k* — 1)({a;) + (b3)) of the capillary wave
term to the wall area-normalized free energy in Eqn. 11 as a function of tube radius R
(Fig. 4e). These plots illustrate that tubes of different radii support quite different capillary
wave spectra and therefore different contributions to the nanotube free energy.

Following Eqn. 11, in Fig. 5 we plot fpend = B/2R?, fcapillary = %2212(/{2 —1)(ai(R) +
b2(R)), and frotal = foena+ /. capillary- L he bending term is computed analytically and decreases
monotonically as the square of the tube radius. The capillary term is computed by adopting

8586 and making a least squares

a characteristic value for the surface tension of ¢ = 30 mN/m
quadratic fit to our molecular simulation data collected for parallel V and anti-parallel V
tubes of radius R = 15-20 nm. An Akaike information criterion (AIC) analysis reveals a
quadratic fit to be the simplest model best supported by the data.®” For reference we also
plot the raw data for the capillary contributions &%, (k* — 1)(ai(R) + bZ(R)) collected
from our parallel V and anti-parallel V simulations assuming a surface tension of o = 30
mN/m. The capillary contribution data is rather noisy but does exhibit a non-monotonic
trend, with our fit predicting a minimum at R ~ 17 nm in good accord with the minimum
in the magnitude of the tube wall fluctuations (Fig. 4c). For the present choice of model
parameters, the bending contribution fpend (red dotted line) is approximately five orders of
magnitude smaller than the capillary contribution fcapmary (thick blue solid line), meaning
that the bending contribution to the free energy can be neglected. As such, the capillary term
governs the system thermodynamics and fmtal (black dot-dashed line) is indistinguishable
from fcapmary (thick blue solid line). The minimum in ftotal therefore also lies at R ~ 17 nm
and can be understood intuitively as the radius at which the contribution of these capillary
fluctuations to the free energy are minimized.

The simple nature of our theoretical model means that we should not expect quanti-
tative agreement with experimental observations, but the predicted optimal ~17 nm tube

radius is in remarkably good accord with the characteristic ~20 nm radius observed for

the Nbrpm6Nc6 nanotubes in the present work (Fig. 1b) and the characteristic ~19 nm
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Figure 5: Predicted per monomer nanotube free energy as a function of tube radius. The to-
tal free energy ftotal is the sum of the bending fbend = B/2R? (red dotted hne) and capillary
feapillary = 23 o (k* = 1)(aZ(R) + b2(R)) (thick blue solid line) contributions. fhend is estimated

analytically from estimation of B and is a monotonically decreasing function of R. fcapiuary is esti-
mated numerically from a least squares quadratic fit to data points > 7%, (k? —1)(ai(R) + b (R))
collected from MD simulations of parallel V and anti-parallel V nanotubes with radii R = 15-20
nm and assuming a surface tension of ¢ = 30 mN/m (blue crosses). The bending contribution
to the free energy is approximately five orders of magnitude smaller than the capillary contribu-
tion, meaning that the former can be effectively neglected and the sum of the two contributions
Ffrotal = foend + fcaplllary (black dot-dashed line) is indistinguishable from fcaplllary (thick blue solid
line) and possesses a predicted free energy minimum at R ~ 17 nm.

radius for the closely related Nbrpm6Nce6 nanotubes reported by Jin et al.?® Within the
theoretical model, the independence of the hydrophobic association free energy follows from
the assumption that each column of peptoid monomers within the tube wall contacts pre-
cisely two neighboring peptoid columns and that the association free energy between peptoid
columns is not a function of their intermolecular contact angle. The independence of the
static capillary/interfacial terms with respect to tube radius follows from the incompress-

ibility assumption wherein the cross-sectional area is conserved under deformation of the
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interface. Perhaps the most meaningful and insightful predictions of the model are (i) the
small magnitude of the bending contribution to the free energy, (ii) the primary control of
tube stability by the capillary wave contributions, and (iii) the existence of a “Goldilocks”
minimum in the capillary wave contributions at intermediate radii, wherein the free energy
increases at both smaller radii — presumably due to increased capillary fluctuations asso-
ciated with poorer side chain interdigitation and packing of the columnar peptoid stacks
at high curvatures leading to structural instabilities — and larger radii — where the larger
tubes support more and larger magnitude capillary fluctuations spanning a larger range of
wavenumbers k. Empirically, we had numerical difficulty generating stable structures of
Nbrpm6Nc6 nanotubes in our all-atom molecular simulations at radii much smaller than 15
nm and much larger than 20 nm. It is certainly possible that this was due, at least in part,
to limitations in our nanotube construction protocol, but is consistent with the existence of

a relatively narrow window of radii at which these nanotubes are structurally stable.

4 Conclusions

In this work, we employed all-atom molecular dynamics simulations and atomic force mi-
croscopy measurements to determine the mechanical properties of nanotubes and nanosheets
assembled from Nbrpm6Nc6, (NbrpeNbrpm)3Nc6, and Nbrpe6Nc6 diblock amphiphilic pep-
toids, and related these properties to the structure and stability of the self-assembled mor-
phologies. By bridging the microscopic mechanical properties to the mesoscopic supramolec-
ular structure, this work offers new understanding and precepts for the engineering of peptoid
nanomaterials with potential applications in biochemical and biomedical engineering. Ex-
perimental measurements of the Young’s modulus of Nbrpe6Nc6 and (NbrpeNbrpm)3Nc6
nanosheets using AFM-based indentation are in good agreement with those predicted by
our MD simulations in which we computationally simulate the indentation process. This

agreement lends confidence to the computational methodology and supports the computa-
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tional prediction of the Young’s modulus for Nbrpm6Nc6 sheets, which, as a prototypical
tube forming sequence, are not readily accessible for experimental interrogation. Additional
MD simulations enable us to resolve the bending modulus along the two axes of the peptoid
nanosheets, and resolve a typically lower modulus along the x-axis in which the peptoids
stack by interdigitation of the side chains compared to the y-axis in which they form colum-
nar crystals with pi-stacked side chains. This suggests that nanotubes are likely formed by
rolling nanosheets along the axis of lower modulus, in agreement with a previously proposed
molecular model.?® Molecular modeling of nanotubes formed in this manner reveal subtle
differences in the tilt and packing of side chains within the nanotube wall relative to their
arrangement within nanosheets and, as such, the structure of a nanotube differs slightly from
that expected by simply rolling up a nanosheet. MD simulations of nanotubes of varying
radii formed by the tube-forming Nbrpm6Nc6 sequence suggest a stability optimum at a
radius of ~17 nm at which the fluctuations in the nanotube wall are minimized. We de-
velop a simple thermodynamic model for the stability of peptoid nanotubes as a function of
nanotube radius. The model predicts that nanotube stability is governed by contributions
from bending strain associated with deforming a planar sheet into a tube and capillary wave
fluctuations supported in the nanotube wall. For parameter choices appropriate to these
peptoid systems, the bending contributions to the free energy are negligible compared to
those from the capillary waves, and we predict an optimal nanotube radius of R ~ 17 nm
where the capillary wave contributions to the free energy are minimized. This prediction is
in remarkably good agreement with the ~20 nm radius observed for the Nbrpm6Nc6 nan-
otubes in this work (Fig. 1b) and the characteristic ~19 nm radius for the closely related
Nbrpm6Nce6 nanotubes previously reported by Jin et al.?®

A persistent puzzle in peptoid supramolecular assembly is the observation that subtle
changes in the peptoid side chains can lead to the dramatic changes in the observed self-
assembled morphology. For example, the elimination of a single C—C bond in the Nbrpe

and Nbrpm side chains lead to Nbrpe6Nc6 peptoids forming nanosheets (Fig. la) whereas

30



Nbrpm6Nc6 peptoids form nanotubes (Fig. 1b). This work presents new understanding of
the mechanical properties of peptoid nanosheets and nanotubes, their relationship to the
observed self-assembled morphologies, and a numerical and theoretical rationalization for
the tight nanotube radius distribution observed in experiments. The small magnitude of
bending contributions to the nanotube free energy together with the similar Young’s moduli
for the sheet and tube-forming sequences studied here suggest that the bending modulus is,
somewhat surprisingly, not the primary determinant of whether a particular peptoid sequence
is likely to form a tube or a sheet. Viewing a sheet as a tube with infinite radius of curvature,
our results instead suggest a more subtle dynamical mechanism wherein minimization of the
capillary wave contributions to the free energy is the primary driver of adopting a tube (i.e.,
finite R) vs. sheet (i.e., infinite R) morphology. Consideration of a larger diversity of known
tube and sheet-forming sequences would be required to further test this hypothesis, although
computational challenges exist in simulating large diameter tubes and constructing stable and
physically-meaningful hypothetical nanotubes from peptoid sequences known experimentally
to only assemble into sheets. Should the model hold up to further scrutiny, it suggests that
quantifying the capillary wave spectrum in molecular simulations may provide a route to
make experimentally-testable predictions of whether a particular peptoid sequence is likely
to assemble into a tube or a sheet. It also suggests a number of important additional
questions that currently remain unanswered. What is the physicochemical origin of the
differential capillary wave spectrum supported by supramolecular peptoid assemblies with
subtly different side chains? Can the capillary wave spectrum be measured experimentally?
What is the dynamical pathway and structural intermediates by which nanotubes form?
Can the sheet/tube equilibrium by perturbed and/or controlled in situ by, for example,
changing environmental conditions or stimuli responsive side chains? Can we prospectively
mine chemical space for new putative tube and sheet forming sequences by high throughput
virtual screening? Ultimately, we hope that these investigations and others will help establish

a sequence-structure mapping wherein we can rationally design peptoid sequences to self-

31



assemble nanoaggregates with engineered structure and properties.
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