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Supplementary methods
1.1 Materials

Rink amide resin (100-200 mesh) was purchased from Supra Science. Benzylamine (Npm,
>98%), N, N'-diisopropyl carbodiimide (DIC, 299%), 4-Dimethylaminopyridine (DMAP, 298%),
trifluoroacetic acid (TFA, 299%), and Fmoc-D-Ala-OH (>98%) were purchased from Oakwood
Products, Inc. Bromoacetic acid (BrAA, 298%) was purchased from Chem Impex, Inc. 4-
Methylpiperidine (PIP, 298%) and diglycolic anhydride (Dig, 298%) were purchased from TCl
America, Inc. Fmoc-Ala-OH (299%) and Fmoc-Gly-OH (=99%) were purchased from Aapptec.
Dimethylformamide (DMF, 299.5%), N-Methyl-2-pyrrolidone (NMP, 299%), Pyridine (299%),
acetonitrile (ACN, 299.9%), and Dichloroethane (DCM, 299.9%) were from Sigma Aldrich, Inc. All
of the above other reagents were purchased from commercial sources and used as received.

1.2 Synthesis of peptoid oligomers

The general synthesis procedure follows our protocol as previously reported®?. In specific, rink
amide resin (0.09 mmol) was used to synthesize C-terminal amphiphilic peptoids. In the
synthesis procedure, the Fmoc groups on the resin were deprotected by adding 2 mL of 20%
(v/v) PIP/DMF, agitating for 40 min, filtering, and washing with DMF. For all DMF washes, 1 mL
DMF was added and then agitated for 30 seconds (repeated five times). An acylation reaction
was then performed on the amino resin by adding 1.5 mL of 0.6 M BrAA in DMF and 0.30 mL of
50% (v/v) DIC/DMF. The mixture was agitated for 10 min at room temperature, filtered, and
washed with DMF five times. Nucleophilic displacement of the bromine occurred by adding 1.5
mL of 0.6 M Npm in NMP, followed by agitation for 10 min at room temperature. The monomer
solution was filtered from the resin and washed with DMF five times. The acylation and
displacement steps were repeated four times until the targeted amphiphilic peptoid (Npm4)
was synthesized.

To synthesize Npm4Dig, 200 mg of Diglycolic anhydride, 0.016 g DMAP, 1 mL pyridine, and 2.5
mL DCM were added to Npm4 resin. The mixture was agitated at room temperature overnight,
filtered, and washed with DCM 5 times.

To synthesize Npm4-L/D-Ala, 300 mg of Fmoc-Gly-OH, 1mL DIC, and 1mL DMF were added to
Npm4 resin and agitated at room temperature overnight. The mixture was filtered and washed
with DMF 5 times. Then, the Fmoc groups were deprotected by adding 2 mL of 20% (v/v)
PIP/DMF. After that, 300 mg of Fmoc-D-Ala-OH or Fmoc-L-Ala-OH, 1 mL DIC, and 1 mL DMF were
added to the mixture, agitating at room temperature overnight, filtered, washed, and
deprotected by adding 2 mL of 20% (v/v) PIP/DMF. The resultant mixtures were filtered and
washed 5 times with DMF and then 5 times with DCM.

1.3 Cleavage and purification of peptoid oligomers
The crude product was cleaved from the resin by adding 95% trifluoroacetic acid (TFA) in

water, which was then evaporated under vacuum with a Biotage V-10 evaporation system.
Finally, crude peptoids were dissolved in H20/CH3CN (v/v = 1:1) for HPLC purification. The crude



products were purified by reverse-phase HPLC on an XBridge Prep C18 10 um OBDTM (10 um,
19mm x 100 mm), using an adaptable acetonitrile gradient in H20 with 0.1% TFA over 15 min.
Purified peptoids were analyzed using Waters ACQUITY reverse phase UPLC (corresponding
gradient at 0.4 mL/min over 7 min at 40 °C with an ACQUITYBEH C18, 1.7 um, 2.1 mmx 50mm
column) that was connected with a Waters SQD2 mass spectrometry system. The final peptoid
product was lyophilized twice from its solution in a mixture (v/v = 1:1) of water and acetonitrile.

The peptoid powder was finally divided into small portions (1.0 x 10 mol) and stored at room
temperature.
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Supplementary Figure 1 | UPLC-MS data of HPLC-purified peptoid: Npm4Dig; the insert is the
chemical structure of this peptoid
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Supplementary Figure 2 | UPLC-MS data of HPLC-purified peptoid:

chemical structure of this peptoid

Npmé6Dig; the insert is the
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Supplementary Figure 3 | UPLC-MS data of HPLC-purified peptoid: Npm2Dig; the insert is the
chemical structure of this peptoid
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Supplementary Figure 4 | UPLC-MS data of HPLC-purified peptoid: Npm4Noh; the insert is the
chemical structure of this peptoid
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Supplementary Figure 5 | UPLC-MS data of HPLC-purified peptoid: Npm4-L-Ala; the insert is the
chemical structure of this peptoid.
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Supplementary Figure 6 | UPLC-MS data of HPLC-purified peptoid: Npm4-D-Ala; the insert is the
chemical structure of this peptoid.
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1.4 Self-assembly of peptoids into nanohelices

1 umol of lyophilized peptoid powders were dissolved in 200 pL of water and acetonitrile (v/v
= 1:1) mixture to make a 5.0 mM clear solution, with pH around 4. The mixture was then put in
the 4 °C refrigerator for slow evaporation. A gel-like material consisting of nanohelices was
obtained after 2 to 3 days.



For the pH adjustment of the self-assembly, droplets of 1 M and NaOH/HCl aqueous solution
were added to 5.0 mM peptoid ACN/H,0 solution until the desired pH was obtained. The
resultant solutions were then used for slow evaporation at 4 °C.

1.5 Atomic force microscopy imaging

Ex-situ (atmospheric) AFM was performed on a Bruker MultiMode 8 in tapping mode with
Bruker ScanAsyst-Air probes (k = 0.4 N/m) at room temperature. A 2 uL drop of the gel-like
assembly solution was diluted with 40 pL deionized water and placed onto a freshly cleaved
mica substrate for 5 min. The solution was then dried with filter paper and N, flow.

1.6 Scanning Transmission electron microscopy (STEM)

STEM was performed on an FEIl Tecnai operating at an accelerating voltage of 200 keV for
annular dark-field (ADF) imaging. To prepare STEM samples, a 2 uL drop of the assembly
solution was diluted in 10 pL of deionized water and drop-cast onto carbon-coated copper grids,
and excess liquids were removed with filter paper after 10 min. For negative staining, 5 uL of
phosphotungstic acid (wt 2%) was dropped onto the TEM grid, and excess liquids were removed
with filter paper after 2 min.

1.7 X-ray powder diffraction (XRD)

Powder XRD samples were prepared by lyophilization of the self-assembled solution. Powder
XRD data were collected at a multiple-wavelength anomalous diffraction and monochromatic
macromolecular crystallography beamline, 8.3.1, at the Advanced Light Source at Lawrence
Berkeley National Laboratory. Beamline 8.3.1 has a 5T single pole superband source with an
energy range of 5-17 keV. Data were collected with a 3 x 3 CCD array (ADSC Q315r) detector at
a wavelength of 1.1159 A. Datasets were collected with the detector 200 mm from the sample.
PNT suspensions or pellets were pipetted onto a Kapton mesh (MiTeGen) and dried. All XRD
data were processed with custom Python scripts.

1.8 Molecular dynamics simulation

The short amphiphilic diblock peptoid investigated in this work, Nom4Dig, consists of four
hydrophobic N-phenylmethyl glycine residues (Npm) and one polar diglycolic acid
(CH20OCH3COOH) tail (Dig). The peptoid structure is generated in Avogadro 1.2.0.3 The Npm4
block is modeled using the improved all-atom CGenFF peptoid force field developed by Weiser
and Santiso as a peptoid-tuned modification of the CHARMM22 peptide force field.*® The Dig
tail is adapted from MOAC residue (methoxyacetic acid) from all-atom CGenFF force field.>® The
fibrils simulated in this work start with the terminal bilayer nanosheets with different
protonation states. The formal pKa of the carboxylic acid group present on the Dig tail is ~3.5.7
Simulations are therefore conducted with Nom4Dig peptoids with protonated -COOH tails
corresponding to low-pH conditions. Simulations conducted with Npm4Dig peptoids with
deprotonated -COO tails indicated that the peptoid stack would rapidly disassemble due to
electrostatic repulsion between the charged -COO™ groups. The precise pH range over the tails
expected to be protonated is uncertain due to potential changes in the pKa of the carboxylic
acid group due to intramolecular effects and also changes in the local environment due to
aggregation into a peptoid stack and exclusion of water solvent within the aggregate. The TIP3P



model was used to simulate water.® The initial configurations of the system was built from
Packmol as shown in Fig.2a.® All-atom molecular dynamics simulations were conducted in
Gromacs 2019.2.1° Molecular trajectories were visualized in VMD.!

Initially, we built up monolayer Npm4Dig nanofibrils using the previous scheme we developed
for other longer peptoid sequences.'? However, the monolayer Npm4Dig fibrils are not stable in
the pure water environment, which is likely due to the shorter hydrophobic blocks in Npm4Dig
peptoids leading to large exposure area of hydrophobic blocks and weaker nt-stacking
interactions. As a result, the bilayer packing structure as shown in Fig. 2a was developed
comprising two layers of Npm4Dig peptoids with hydrophilic Dig tails pointing towards water.
There are 6 columns in each layer with inter-column distances of 1.35 nm. In each column, there
are 40 monomers with separations of 45 nm. Nanofibrils were placed in a (30 x 10 x 30) nm? box
and solvated with 50,250 water molecules at a density of ~1 g/cm?.

The system was relaxed by first applying steepest descent energy minimization to remove forces
in excess of 1000 kJ/(mol-nm). Initial atom velocities were assigned from a Maxwell-Boltzmann
distribution at 300 K. Periodic boundary conditions were applied in all three dimensions.
Systems were first equilibrated for 400 ps in the NPT (i.e., isothermal-isobaric) 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™. We
conducted production runs of 20 ns in the 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™ . Four independent simulations
were conducted starting from the same initial structure but different initial velocity
distributions.

The twisted dihedrals in Fig.2c of the main text are defined by the angle (8) between the upper
edge vector (77,,) and the upper edge vector (7;), i.e., U, * U; = |ty ||V cos 8. ¥, and ¥, are
calculated from center-of-mass (COM) positions of the monomers at two boundary layers of the
fibril as indicated in yellow in the upper image of Fig.2a. In detail, using the Line.bestfit function
from the skspatial python package,’ two unit direction vectors representing the upper and
lower edges of fibrils can be calculated by fitting upper and lower edges of COM points
respectively through the command “line_lower.direction”. The error bars in Fig.2c are the
standard deviations calculated from four independent runs.

1.9 Theoretical model of ribbon width

To gain insight and understanding of the twisted ribbon geometry as a function of the solvent
conditions and intermolecular attractions, we developed a simple phenomenological free
energy model for the self-assembly of the twisted ribbons. The model is an adaptation of that
originally developed by Boden and coworkers for twisted B-sheet stacks of peptides®*® and
subsequently sophisticated by Riiter et al.?’. The present model comprises a favorable
hydrophobic association of the peptoids driven by interfacial free energy that promotes the
formation of wide ribbons, and an energetic penalty for poorer intermolecular axial stacking
between adjacent peptoids with increasing ribbon width that favors thin ribbons. The balance of
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these two contributions provides a molecular basis for the observed increase in ribbon width
with lowering pH and offers molecular insight into the self-assembled geometry of the twisted
peptoid ribbons.

We construct the model based on an idealized geometry of a twisted peptoid ribbon illustrated
in Fig. S7. Treating each peptoid as a stiff rod, the N = 2M peptoids comprising a single layer of
the twisted ribbon are considered to lie in the plane with each peptoid assigned an index m
according to its distance from the central axis (Fig. S7a). Each layer in the ribbon is offset from
those above and below it by a planar angle 6 that mediates the overall twist (Fig. S7b). We
denote the breadth of the ribbon as 21. The spacing between peptoids in the plane is denoted d.
The width of the ribbon containing N=2M peptoids is then D=d(N-1)=d(2M-1). The radial
distance of a peptoid with index m from the central axis of the ribbon is ry, = %dm = d(| m|-1%).
The arclength between peptoids of index |m| in successive layers of the twisted ribbon stack is
a = %dm 0. The spacing between successive layers of the twisted ribbon is 6 and the pitch — the
axial distance over which the twisted ribbon executes a complete turn —is A (Fig. S7c). The
number of layers constituting a complete pitch is PA~=A/& and the number of layers in a ribbon of
length L is P=L/&. Simple geometric considerations dictate that the linear through-space distance
6. of the centers of mass of the two peptoids of index m in successive layers of the twisted
ribbon is given by 6.2 = 62 + (12dmB)?, where we have assumed that the twist angle is sufficiently
small that the arclength is a good approximation for the chord (Fig. S7d).

11



a o 5 3 d Ve
heded

m= 3 2 1 +1 +2 +3
b die5d e
&> dp=3d
= di=d D (nm)
m= S -2 1+ 42 43 0 10 20 30 40 50 60

1.0 —8— kappa =0.1
—8— kappa = 1.0

—8— kappa = 10.0

0.8

0.6 1
0.4 1

0.2 4

| 0.0 1
X

d 6 25 5’0 _;5 160 léS léﬂ 175 260

120 Pl

100 P30

40 4

20 A Ls

I
I
I
I
I
-
——
—
S
I
I >
=4 @ I
I
I
—
-
I
I
I
I
I
N
(=] w
(=] (=]
= - ™) ]
o w o w
D (nm)

Y T TR 12
Supplementary Figure 7 | . Schematic illustration of idealized twisted ribbon geometry
employed in the theoretical model of peptoid ribbon energy and predictions of the
thermodynamically favored ribbon width. (a) Illustration of a single layer of a peptoid ribbon six
molecules wide (cf. Fig. 1b). Each peptoid is represented schematically as a directed arrow and
assigned an index m where there are N = 2M peptoids in a single layer of the ribbon. (b)
[llustration of a top-down view of an idealized twisted peptoid ribbon. Each layer of the ribbon is
rotated by a planar angle O relative to the layer above. The breadth of the ribbon —
corresponding to the z-dimension of the nearest layer of the ribbon illustrated here —is 21. The
width of the ribbon — corresponding to the x-dimension —is D, where the linear spacing between
peptoids is d. The width of a ribbon containing N = 2M peptoids per layer is D = dy = d(2M-1) =
d(N-1). The radial distance of a peptoid with index |m| from the axial center of the ribbonis r,, =
Ydm = %d(2|m|-1) = d(|m|-%), where the modulus || indicates the absolute value. The
arclength between peptoids of index |m| in successive layers of the twisted ribbon stack is a =
¥dm 0. (c) Schematic illustration of a side-on view of an idealized twisted peptoid ribbon. As the
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ribbon twists around its axis in the y-dimension, it possesses a maximum extent of D and a
minimum extent of 21. The spacing between successive layers of the ribbon is 8. The pitch of the
ribbon — the axial distance over which it executes a complete turn —is A. (d) The center of mass
distance between two peptoids with index m in successive layers of the twisted ribbon is given
by simple geometric considerations. The axial distance between successive peptoid layers is 6.
The distance between the centers of mass in the perpendicular (i.e., radial) plane under the
action of the twist is given by the chord ¢ = 2ry,.sin(%0) = dn.sin(}40) of the corresponding arc of
the circle of radius rn, = %dm, subtended by the angle 6. For small 6, the chord is well
approximated by the arclength under the small 8 expansion of the sine function (i.e., sin(x) = x)
such that ¢ = a = %d,0. The linear through-space distance 6. of the centers of mass of the two
peptoids of index m in successive layers of the twisted ribbon is then given by the Pythagorean
theorem as 6.2 = 82 + (%2dmB)>. (e) Relative probabilities of ribbons of various widths D and
peptoids per layer N as a function of the dimensionless parameter k specifying the relative
strength of the interfacial and van der Waals interactions, where K = €interfacial/ €dispersion = YL6/€.
Without loss of generality, the curves are scaled such that the maximum relative probability is

P = 1. The most probable width of the ribbon increases with increasing k as the interfacial
tension makes it more favorable to construct wider ribbons and pay the penalty of poorer van
der Waals stacking interactions at large radial distances from the ribbon axis in service of
reducing the unfavorable interfacial interaction of the exposed edges of the peptoid ribbon with
the solvent. The most probable ribbon widths and number of peptoids per layer predicted by
the model for k =[0.1, 1.0, 10] are D =[2.1, 5.1, 12.9] nm and N = [8, 18, 44]. (f) The number of
peptoids per layer and ribbon width of the most probable ribbon geometry predicted by the
model as a function of k. For small k (k < 0.005), the thinnest ribbon width of N =2 (i.e., M =1)
permitted by the model is predicted to be the most probable. As k increases, the model predicts
an increase in the width of the most probably ribbon and a divergence towards infinite ribbon
width (i.e., N = ©) at k = 62.5 (vertical dashed line).

Based on these geometric concerns, we now proceed to construct the phenomenological free
energy model. We consider two contributions to the free energy of the ribbon: interfacial
tension and packing dependent dispersion interactions.

Interfacial Tension. The first contribution is the free energy due to interfacial tension associated
with the exposed hydrophobic faces of the peptoids comprising the outer edge of the ribbon
(i.e., those with index |m|=M). A primary driving force for assembly of these ribbons is the
hydrophobic effect that promotes assembly of the peptoids to bury their hydrophobic groups
from the water solvent. Ignoring contributions from the exposed upper and lower edge of the
ribbon — a good assumption for high-aspect ratio ribbons where the length L is much larger than
the width D — the interfacial free energy contribution for a ribbon of length L and width D = dy, =
d(2M-1) = d(N-1) can be expressed as,

Uinterfacial = 2V Atace = 2Y(2IL) = 2y (215P) = 4yléP, Egn. S1

where A¢,.. = 2lL is the exposed surface area of the two solvent-exposed edges of the ribbon
and P = L/§ is the number of stacked planes in the ribbon of length L. The free energy per
peptoid monomer follows by dividing the energy of the ribbon by the total number of peptoids
comprising the ribbon,
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U,

i i 2ylé
uinterfacial(M) = |nterfaC|aI/2MP =Y /M Eqn. S2

Dispersion Interactions. The second contribution to the ribbon free energy is the free energy
associated with favorable dispersion interactions between the rotationally offset layers of
peptoids constituting the twisted ribbon. We assume peptoids stack in-register such that we
model the interaction of a peptoid with index m with the corresponding peptoids of index m in
the layers immediately above and below it. We model the favorable dispersion interactions as
the attractive part of the Lennard-Jones potential such that the dispersion energy experienced
by a peptoid with index m is,

2ey
€dispersion (m) = - 56
c

—8516/ 3 Eqn. S3
A2+ [27rd(m - %)] ]

where g = 4£0® is the Hamaker constant characteristic of the peptoid-peptoid interactions,
which we have related to the Lennard-Jones energy € and size o parameters, 6. is the through
space linear distance between two peptoids and for peptoids of index m is given by 6.2 = 8% +
(%2dmB)? (Fig. S4d) and dn, = 2d(|m|-%) (Fig. S4b), and the factor of two accounts for the
dispersion interactions with the peptoid of index m in the layer above and in the layer below.
We further choose to adopt the inter-layer spacing as a characteristic interaction distance and
set 0=5 such that g; = 4£8°.

Now, summing over all such dispersion interactions within a single stack of the ribbon, we
obtain,

1
Udispersion (M) = 5 Z;nIZ—M,m:tO edispersion (m)
= Z%:l €dispersion (m)

-3
,

= —8e2° iy [4% + [2md(m — )] Eqn. S4

where the factor of one-half corrects for double counting of the dispersion interactions within
the sum. The dispersion energy per peptoid monomer follows by dividing through by the
number of peptoids comprising a single layer of the stack,

Usispersion (M)
udiSpersion(M) — dispersion /2M

=42y s [ -] eanss

Total Free Energy. The overall free energy per peptoid monomer within a twisted ribbon of
width N = 2M is given by summing these two contributions,

u(M) = uinterfacial(M) + Ugispersion (M)

2l —4edy s [0+ [2md(m - DF]
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Finally, it is convenient to work in a dimensionless gauge by dividing the energy through by the
Lennard-Jones energy parameter,

am) =M/
_ 2, (M8/) = 42%/, 5 [ + [2md(m — )]

= 2/ 4 s (32 4 [ (m - D]
=1/ 2k = S(M; 1, d)], Eqn. S6

where the first term is the dimensionless interfacial free energy contribution and the second
term is the dimensionless dispersion energy contribution. In going from the second line to the
third, we have defined a dimensionless parameter k as the ratio of the characteristic magnitudes
of the interfacial and dispersion free energy contributions,

K= yld/g, Eqn. S7

and in going from the third line to the fourth, we defined the summation accumulating the
dimensionless dispersion energy contributions as,

S(M; 2,d) = 42° £ |22 + [2md(m - g)]z]_3, Eqn. S8

where we explicitly indicate the functional dependence on M and express A and d as
parameters. The expression in Eqn. S6 presents a simple prescription for identifying the most
probable ribbon as that with the number of monomers per layer N=2M that minimizes the
dimensionless free energy @i(M) and where the probability of a ribbon is proportional to the
Boltzmann factor of the free energy P(M) « exp (—ﬁ(M)).

Model Parameters. The governing equation specifying the preferred ribbon width M contains
only three parameters: (i) the pitch of the ribbon A, (ii) the spacing between peptoids in a layer
d, and (iii) the lumped dimensionless parameter specifying the ratio of the interfacial and
dispersion free energy contributions k = €jnterfacial/ €dispersion = Y18 /¢€. For the peptoids in this
work, we adopt characteristic values of A = 100 nm and d = 0.3 nm motivated by the molecular
geometry of the peptoids and the experimentally observed twist in the ribbon (cf. Figs. 1 and 3).
With regards to k, we adopt y = 2.4x102° J/nm? as a characteristic value of the surface tension
appropriate for hydrophobic hydrocarbons= groups,?%*! € = 6.95x10%! J = 1 kcal/mol as a
characteristic value for pi-stacking dispersion interactions that have been reported to lie in the
range 0.7-3 kcal/mol for polystyrene and benzene,?? [ = 1 nm is a characteristic length scale for
the peptoid monomers, and 6 = 0.3 nm is a characteristic length scale for the inter-layer spacing
in the stacked ribbon. This produces a characteristic value of k = 1.036. The specific value of k is
less important than its magnitude. The primary value of the model is in predicting how the
thermodynamically preferred ribbon width changes as a function of k. Increasing k corresponds
to an elevation of the surface tension relative to the dispersion interactions and can be achieved
by, for example, lowering the pH to push the chemical equilibrium of the acidic groups from the
COO to the COOH form to elevate the hydrophobicity of the peptoid monomers. Decreasing k
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corresponds to a reduction of the surface tension relative to the dispersion interactions by
increasing the hydrophilicity, and can, conversely, be achieved by raising the pH.

We present in Fig. S7e the relative probabilities P(M) o« exp (—ﬁ(M)) of ribbons comprising
different numbers of monomers per layer N=2M, and therefore different widths D = dy = d(2M-
1) = d(N-1), resulting from numerical evaluation of Eqn. S6 for k = 0.1, 1.0, and 10. We present in
Fig. S4f a plot of the most preferred ribbon width (i.e., the maxima of the curves in Fig. S7e) as a
function of k. These plots illustrate that the model predicts an increasing width of ribbons with
increasing k. Physically, an elevated interfacial tension makes it more favorable to construct
wider ribbons and pay the penalty of poorer van der Waals stacking interactions at large radial
distances from the ribbon axis in service of reducing the unfavorable interfacial interaction of
the exposed edges of the peptoid ribbon with the solvent. The trends predicted by the model
are in good agreement with the increase in experimentally observed ribbon width from (5.2 +
0.4) nm at pH 7 to (15.6 £ 2.42) nm at pH 4 corresponding to an elevation in k.

Singularity Analysis. As illustrated in Fig. S7f, the numerical solution of Egn. S6 for the value M
that minimizes (M) exhibits and apparent singularity at k = 62.5. We can understand the origin
of this behavior by taking the first derivative of #i(M) and setting it to zero to develop an implicit
expression for M* defining the value of M for which @i (M) possesses a stationary point,

da(M)/dM _ —S'(M; 2, d)/M _ 2K/M2 + S(M; 4, d)/MZ =0

s = [SM754,d) - ZK]/

where S'(M; A, d) denotes the M derivative of S(M; A, d). We make progress by observing that
S(M; A,d) is a non-decreasing function of M (Egn. S8), and, as a corollary, S'(M; A, d) is non-

negative. Numerical continuation and extrapolation of the sum S(M; A,d) = 42 Y1 _, [/12 +

-3
[an(m — %)]2] indicates that S(M — o0; A,d) — 125. In light of these observations,

inspection of Eqn. S9 reveals that a self-consistent solution for M* can only exist on the positive
domain (i.e., 0 < M* < o) for a positive right-hand side numerator such that S(M; A, d) — 2k >

1 . .
0=>k< ES(M; A, d). It follows, therefore, that there is a critical value of Kitical =

%S(M - 00;1,d) = 125/2 = 62.5, beyond which no positive solutions for M* are available.

This coincides with the numerically observed divergence of M* in Fig. S7f.

1.10 NMR experimental description

Samples for solid state NMR experiments were prepared by dissolving 1 umol of lyophilized
peptoid powders in 100 pL of water and acetonitrile (v/v = 1:1) mixture to make a 10.0 mM clear
solution, with pH around 4. The samples were then self-assembled as described above (section
1.4). These samples were then ultracentrifuged for 40 minutes into Bruker 3.2 mm NMR rotors
at 4 °C at 150,000 RCF with Ultra-clear tubes in a SW-41 Ti swinging bucket rotor fitted onto a
Beckman Optima XPN-100 centrifuge. *3C cross-polarization magic angle spinning (CPMAS)
spectra were collected on a 11.75 T magnet with 500 MHz *H NMR frequency. A 3.2mm Bruker
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Low-E 1H/13C/15N NMR probe was used in a Bruker spectrometer. A 12.5 kHz magic angle
spinning speed was used for all samples. Signals were averaged over approximately 13 hours.

2. Supplementary discussion
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Supplementary Figure 8 | Negatively stained ADF-STEM images of Npm4Dig nanohelices self-
assembled at pH = 7. The ratio of left- and right-hand twists is close to 1:1.

Height 1.0 ym Height 210.0 nm

Supplementary Figure 9 | AFM images of Npm4Dig nanohelices self-assembled at pH = 7. Height
distribution shown in Figure 3d is calculated from these nanohelices. The height distribution of these
nanohelices is 5.2 + 0.4 nm based on 30 measurements of nanohelices.
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Supplementary Figure 10 | AFM images of peptoid assemblies formed from assembling peptoids with
same polar domain but different hydrophobic domain with varied numbers of Npm groups. a) AFM
image of nanosheets self-assembled from Npm6Dig. b) AFM image of isolated particles self-assembled
from Npm2Dig.
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Supplementary Figure 11 | XRD data of nanohelices assembled from Npm4Dig and nanosheets
assembled from Npm6Nce6.
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Supplementary Figure 12 | Pepotid nanohelices self-assembled from peptoid Npm4Dig with different
ratios of CHsCN and H,0. a) Negatively stained TEM image of nanohelices self-assembled from Npm4Dig
in 1:2 CH3CN&H-0, (b) Negatively stained TEM image of nanohelices self-assembled from Npm4Dig in
2:1 CH3CN&H,0.

Supplementary Figure 13 | . Negative-stained ADF-STEM images of Npm4Dig nanohelices self-
assembled at pH = 4. The ratio of left- and right-hand twists is close to 1:1 in both cases.
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Height 490.0 nm Height 190.0 nm

Supplementary Figure 14 | . AFM images of Npm4Dig nanohelices self-assembled at pH = 4. Height
distribution shown in Figure 3e is calculated from these nanohelices. Inset: height profile along the
white line in the right image showing the height of peptoid nanohelix.

7.0 nm

Height Topm

Supplementary Figure 15 | . AFM image showing amorphous aggregates formed by Npom4Dig at pH =
12.
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Supplementary Figure 16 | . Negatively-stained ADF-STEM images of left-handed Npm4-D-Ala
nanohelices self-assembled at pH = 4.

Supplementary Figure 17 | . Negatively-stained ADF-STEM images of right-handed Npm4-L-Ala
nanohelices self-assembled at pH = 4.
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Height 680.0 nm

Supplementary Figure 18 | . AFM images of the left-handed nanohelices self-assembled from Npm4-
D-Ala at pH = 4 Large scale images demonstrate all left-handed twists.
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Supplementary Figure 19 | . AFM images of the right-handed nanohelices self-assembled from Npm4-
L-Ala at pH = 4. Large scale-images demonstrate all right-handed twists.
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Supplementary Figure 20 | SEM images of the right-handed nanohelices self-assembled from Npm4-L-
Ala at pH =4.

Black: Npm4-L-Ala
Blue: Npm4-D-Ala
Red: Npm4-Dig
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Supplementary Figure 21 | XRD data of peptoid nanohelices assembled from Npm4-L-Ala, from Npm4-
D-Ala, and from Npm4Dig. Similar peaks at d = 1.36 nm and 4.6 A indicate that these peptoid helices
exhibit a similar framework structure.
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Supplementary Figure 22 | Solid-state C'* NMR data of nanohelices assembled from Npm4-L-Ala and
Npm4-D-Ala. The stars indicate positions of magic-angle spinning sidebands.

24



“aNpma-L-Ala- - H

ol
; \!\' X

i

Height Sensor

600.0 nm

Supplementary Figure 23 | Pepotid nanohelices self-assembled from peptoids with different polar
domains. a,b) Negatively stained TEM images of Npm4-L-Ala nanohelices self-assembled at pH = 10. ¢)
Negatively stained TEM image of Npm4Noh nanohelices self-assembled at pH = 4. d) AFM image of
Npm4Noh nanohelices self-assembled at pH = 4. The insert in each figure is the chemical structure of
the corresponding peptoid.
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