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Fig. 1. Assembly of peptoid polymer tiles into hollow nanotubes. (A) Chemical structure of pNdcg-b-pNteg. The N terminus is acetylated and the C terminus
is amidated. (B) Schematic representation of pNdce-b-pNteg to indicate its tile shape consisting of hydrophobic (green) and hydrophilic (blue) domains. Gray
arrow indicates the chain orientation (from the N to C terminus). (C) Tiles stack in a brick-like pattern to align the polar and nonpolar domains along the tube
axis. Nanotubes are composed of stacked horizontal rings, where each ring consists of two to three individual peptoid strands, likely several layers thick, held
together through longitudinal side-chain-to-side-chain interactions (D and E). Schematic view (F) showing the approximate chain configuration and di-

mensions for each cross-sectional ring.

the absence of hydrogen-bonding networks, electrostatic or ar-
omatic interactions, without chirality, and without forming a
hydrophobic core.

Results and Discussion

The copolymers used in the study are monodisperse, low—
molecular-weight diblock polypeptoids, consisting of two chemically
distinct domains: a hydrophobic block of poly-N-decylglycine
(pNdc), and a hydrophilic block of poly-N-2-(2-(2-methoxyethoxy)
ethoxy)ethylglycine (pNte). This is a unique polymer because the
two component monomers are chemically distinct yet congruent in
size and shape (28). This results in unusual crystallization behavior
in the solid state, where the pNdc block can induce the crystalli-
zation of an otherwise amorphous pNte block as previously
reported (19). Here, we show that, in aqueous solution, this diblock
copolypeptoid acts as a bendable rectangular molecular tile unit
that can form planar supramolecular lattices. Typically, molecular
tiles are relatively rigid units that either self-assemble in two di-
mensions on a surface (29), or in solution (30, 31). Recent advances
in DNA nanotechnology exploit the ability of DNA-based molec-
ular tile units to assemble into 2D and 3D lattices, as well as
nanotubes (32). Molecular tiling with flexible, nonnatural polymer
units has not been previously reported.

The pNdc-b-pNte block copolypeptoids were synthesized by
stepwise solid-phase synthesis (16). This method allows for precision
control over chain length and copolymer composition (14, 15).

Three polypeptoid tile units of defined length and sequence were
investigated in this study, pNdc,-b-pNte,, where n =9, 13, and 18
(Table 1). The copolymers are relatively short, with molar
masses between 3.7 and 7.3 kg/mol. These sequences contain an
equal number of polar and nonpolar monomers, such that the two
blocks are nearly equal in mass. They are devoid of hydrogen bond
donors on the side chains, were acetylated at their N termini, and
amidated at their C termini such that the constructs are charge
neutral. The copolypeptoids were first dissolved in organic solvent,
and then diluted into water to induce supramolecular assembly.
Although the exact assembly mechanism is not yet understood, the
tiles likely align to form half-overlapped brick-like patterns, which
can then interlock with themselves to form tubes of uniform di-
ameter (Fig. 1). The polymer chains are thought to be extended,
and their backbones aligned orthogonal to the tube axis. Both
blocks form crystalline domains that bend significantly along the
circumference of the tube, and are stable over a significant range of
curvatures. The tube circumference comprises an integer number
of polymer molecules (either 2 or 3).

Evidence that both the pNdc and pNte blocks are crystalline
was provided by DSC of pNdc,-b-pNte,, both in the solid state
(as a lamellar phase-separated bulk material) and in aqueous
solution (as supramolecular assemblies) (Fig. 2). In the solid
state, peaks at 66 °C and 138 °C are seen in pNdc;s-b-pNte,g due
to the melting of pNte and pNdc crystals, respectively. These
melting peaks are similar to those obtained from polyethylene oxide

Table 1. Peptoid block copolymer pNdc,-b-pNte,, and nanotube characteristics
Weight
fraction Molar mass, g/mol, Molecular Nanotube Latitudinal stripe Longitudinal stripe
n pNte, % calc/obs purity,* % diameter,” nm periodicity, nm, WAXS/EM periodicity," nm
9 50.4 3,662.7/3,664.9 95* 50+0.5 24 +0.1/24 +£0.2 57 + 0.6
13 50.5 5,264.9/5,265.6 95* 43 +0.3 24 +0.1/24 £ 0.2 7.1 +£05
18 50.6 7,267.3/7,263.1 908 93+03 24 +0.124+0.2 11.1+£09

*As determined by reverse-phase HPLC and MALDI-MS; the remaining impurities are predominantly full-length polymer missing one monomer.

"As determined by analysis of TEM images.
*As determined by MALDI (35).
SAs determined by HPLC.
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(PEO) and polyethylene (PE) homopolymers (33, 34). It is evident
that the thermal properties of peptoids are dominated by the
properties of the side chains (21). The DSC data obtained from
pNdce-b-pNteg and pNdcy3-b-pNtey; in the solid state are similar,
with melting peaks at 43 °C and 93 °C, and at 60 °C and 124 °C,
respectively (Fig. 24). Aqueous solutions of all three pNdc,-b-
pNte, supramolecular assemblies were analyzed by DSC at a con-
centration of 0.6 wt % (Fig. 24). The solutions were not perfectly
clear and appeared bluish, typical of solutions containing micelle-
like aggregates. The solution samples clearly show melting peaks
corresponding to pNte crystals. In fact, in all three cases the melting
temperature of the pNte crystals in solution is nearly identical to
that of the solid-state block copolymer. This is also true for the
pNdc phase in the case of pNdcy-b-pNtey (however, the pNdc
melting peaks for the other two polymers are out of the measure-
ment range). In conventional PEO-containing diblock copolymer
aqueous assemblies, the PEO chains are well solvated and random
in conformation (1). In contrast, the pNte chains in these block
copolypeptoids remain crystalline despite the presence of water.

Insight into the local structure and molecular packing of the
nanotubes was provided by solution wide-angle X-ray scattering
(WAXS). Sharp scattering peaks at ¢ = ¢* = 2.6 nm™" in all three
pNdc,-b-pNte,, polymers are due to Bragg reflections of pNte and
pNdc crystals (Fig. 2B). This peak arises from the packing of side
chains, which holds the distance between adjacent backbones to
2.4 nm (=2n/g*). The same packing is seen in solid-state pNdc,g-b-
pNte;g (19). The higher-order scattering peaks at 2g* and 3g*
indicate lamellar packing. Qualitatively similar scattering profiles
are obtained from pNdc;3-b-pNte;3 and pNdcg-b-pNte.

Long cylinders of uniform diameter and hundreds of nanometers
in length are produced exclusively as observed by negative-stained
transmission electron microscopy (TEM) of the pNdc;s-b-pNteg
assemblies (Fig. 34). Assemblies from the shorter diblock copoly-
peptoids, pNdc,3-b-pNte;3 and pNdco-b-pNtey, also formed nano-
tubes, with the shortest sequence also forming appreciable amounts
of planar nanosheet structures (SI Appendix, Fig. S1). Because the
negative-stained samples were adsorbed to a grid surface, then dried
and stained, the shorter chain samples were less able to maintain
their solution morphology, likely because the tubes they form are

less stable. To avoid these sample preparation effects, we next ex-
amined the nanostructures in their solution state by cryogenic
electron microscopy (cryo-EM). Cryo-EM images obtained from a
vitreous (unstained) pNteg-b-pNdc;g thin film are shown in Fig. 3 B
and C. Cylinders that lie orthogonal to the plane of the specimen
appear circular as expected. Cylinders that lie in the plane of the
image contain a remarkably regular periodic pattern of latitudinal
stripes (Fig. 3 C and D). The average distance between stripes as
measured by cryo-EM is 2.4 + 0.2 nm (see image analysis in S/
Appendix, Fig. S2), which is consistent with the interbackbone
spacing determined from WAXS (shown in Fig. 2B). The origin of
the contrast observed in the TEM is thought to be due to differ-
ences in density between the backbone domain and the crystalline
side-chain domains, as discussed below. Analysis of 50 nanotubes in
the cryo-EM micrographs reveals that the diameter of the pNdc,g-b-
pNteys tubes (9.3 + 0.3 nm) is highly uniform along the tube length,
and from tube to tube (Fig. 3 and SI Appendix, Fig. S2). The two
shorter pNdc,,-b-pNte,, variants (n = 9, 13) also formed nanotubes
with identical latitudinal striping of 2.4 + 0.2-nm periodicity, but
with smaller diameters as observed by cryo-EM (SI Appendix, Fig.
S2, and Table 1). These shorter variants also formed some extended
planar nanosheet assemblies that exhibit the same striping pattern
(SI Appendix, Fig. S2). This suggests a common packing motif for all
of these diblock copolymers, where the chains pack into a planar
lattice, and in the tubes are oriented normal to the tube axis.

One might have expected the pNdc-b-pNte peptoid chains to
pack into cylindrical micelles or bilayers with pNdc hydrophobic
cores and pNte coronas in aqueous solution, based on the vast
literature on amphiphile self-assembly (1-10). However, the density
inside the rings representing the end views of the tubes is compa-
rable to that outside the rings, suggesting that the cylinders are
hollow. Cryo-electron tomography data obtained from these sam-
ples are consistent with the proposed tubular morphology (Fig. 3E
and SI Appendix, Fig. S3, and Movies S1 and S2).

To probe the detailed nanostructure and morphology of the
cylinders, we performed solution small-angle X-ray scattering
(SAXS) and detailed theoretical modeling of the pNte,g-b-pNdcyg
assemblies. The data, shown in Fig. 2C, display a very well-defined
scattering pattern with clear minimum and maxima indicating a
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Fig. 2. Structural characteristics of the nanotubes. Differential scanning calorimetry (DSC), wide-angle X-ray scattering (WAXS), and small-angle X-ray scattering (SAXS)

analysis of peptoid nanotubes. (A) Thermal analysis of pNdc,-b-pNte, for (i) n =9, (ii) n = 13, and (iii) n = 18, in both the solid state (red) and in solution (0.6 wt %)
(blue). T, nte is the melting point of pNte and T, nac is the melting point of pNdc in the block copolypeptoids. In the pNdcg-b-pNte;g and pNdc;3-b-pNte;3 solution,
only T, nte is Observed, as T, nac is outside of the range of measurement. (B) WAXS intensity versus scattering vector, g, for pNdc,-b-pNte,, in solution. Profiles are
vertically offset for clarity. A lamellar structure is observed with g = g*, 2g*, 3g* in pNdc;g-b-pNte;s, pNdc;3-b-pNte;3, and pNdcg-b-pNtey. The peak at g = 0.38 nm™"
is due to Kapton window in the sample cell in both cases. (C) Absolute, SAXS intensity /, normalized by polymer concentration, ¢, versus g for pNdc;g-b-pNte g at
25 °C over a fourfold range of concentration. Solid lines display fit on an absolute scale of a nanotube (hollow cylinder) model of inner radius of 3.2 nm, and a wall
thickness of 2.3 nm, yielding an overall diameter of 11 nm. The black line includes a calculation taking into account a finite flexibility of the nanotubes (Kuhn length,
70 nm). See SI Appendix for full description of model that also includes surface roughness (0.7 nm), shape fluctuations (15%), and added crystal scattering.
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Fig. 3. Electron microscopy analysis of pNdc;g-b-pNte g nanotubes. (A) Uranyl acetate negative-stained energy-filtered TEM micrograph of dried nanotubes.
(B) Cryo-EM 2D projection image shows nanotubes of uniform diameter in a vitrified thin film. The dark stripe features likely result from the crystallized side
chains. (C) Cryo-EM close-up of a single nanotube (scale bar, 20 nm) shows regular latitudinal stripes (Top). A line profile along the longitudinal direction of
the nanotube indicates a periodicity of 2.4 + 0.2 nm (Bottom). (D) Cartoon showing the origin of the latitudinal striping based on the backbone region (gray)
and the side-chain regions (orange). (E) Three-dimensional visualized image of reconstructed nanotubes in a vitreous specimen. (F) Energy-filtered TEM
micrograph of ruthenium tetroxide-stained dried nanotubes on continuous carbon. The dark region is assumed to be the pNte phase. (G) Slices in tomogram
show both the top view and cross-section of ruthenium tetroxide-stained nanotubes, and indicate longitudinal black striping (pNte phase) with a periodicity
of 11.1 £ 0.9 nm. The X, y, and z axes are indicated relative to the nanotube in H. (H) Cartoon showing the origin of the longitudinal striping based on the

hydrophobic (green) and hydrophilic (blue) domains.

well-defined structure. The absence of a Guinier regime at low g
and the defined minimum at intermediate g, suggests an elongated
object with a well-defined cross-section consistent with a tubular
structure. At high g, we observe a clear Bragg-like scattering peak
at 2.6 nm™, which can be attributed to the repeating crystalline
domains also observed by WAXS (Fig. 2B) and cryo-EM (Fig. 3 B
and C). The SAXS data were first analyzed on an absolute scale
using a scattering model for a classical core-corona cylindrical
scattering model expected for regular amphiphilic block copolymer
micelles (35). The analysis did not provide good agreement with
the experimental data using reasonable physical parameters (i.e.,
polymer density and diameter) once the data were constrained to
an absolute scale (see SI Appendix for details). Instead, the data
were nicely described with a hollow cylindrical model for nano-
tubes yielding an outer diameter of 11 nm and a wall thickness of
2.3 nm. This suggests that the walls are several atomic layers thick.
The hollow structure was also confirmed with a model independent
analysis using the indirect Fourier transform method (SI Appendix,
Fig. S5).

We 3ropose that the nanotubes are obtained by tiling molecular
layers of pNdc,-b-pNte, to form a brick-like pattern, which can
wrap around to form a series of stacked crystalline rings (Fig. 1).
The fully stretched end-to-end chain length of pNdc,g-b-pNte;g in
the solid state was previously estimated to be 14.3 nm (19).
However, in solution assemblies, these peptoids are expected to be
shorter because they are not bound in an extended 3D lattice, but
rather are solvent exposed and are being pulled together by the
aliphatic and ethyleneoxy side-chain packing interactions. In close

Sun et al.

proximity to one another, these side-chain moieties prefer to adopt
straight conformations and pack parallel to each other to maximize
neighboring van der Waals interactions (36). It is therefore expected
that the latitudinal striping (of 2.4-nm periodicity) is the result of a
close-packed crystalline side-chain region surrounded by less dense
and less ordered backbone region (gray in Fig. 1D) (37). In this way,
the tubes are likely composed of crystalline and less well-ordered
domains alternating in the longitudinal direction.

The outer circumference of the pNdcs-b-pNte;s nanotubes is
about three times the chain length. We thus propose that, for the
pNdc;s-b-pNte,g nanotubes, each crystalline ring is made of three
polymer chains in a head-to-tail arrangement. Adjacent rings are
likely oriented in an antiparallel arrangement to maximize the in-
terfacial contact area of the polar and nonpolar domains with one
another. A consequence of this circularly tiled architecture is that it
aligns alternating hydrophilic and hydrophobic domains into ex-
tended stripes that run parallel to the tube axis. These stripes are
chemically distinct, but similar in electron density and degree of
crystallinity, and were thus not visible by cryo-EM. To confirm their
existence, the nanotubes were dried and stained with ruthenium
tetroxide, which preferentially stains the pNte side chains (38).
These samples were imaged using energy-filtered TEM (EFTEM)
with a 20-eV slit width (Fig. 3 F and G). The EFTEM images
revealed tubes with alternating longitudinal bright and dark stripes
of equal widths. The periodicity of the stripes (11 + 0.9 nm) is equal
to the peptoid main-chain length as expected. Three stripes would
be expected per tube; however, because the staining was performed
on dried samples, the tubes are likely collapsed so some stripes may
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be occluded from view. Importantly, nanotubes formed from the
shorter chains, pNdc;3-b-pNte;3 and pNdcy-b-pNtey, also display
this longitudinal striping feature, suggesting the same tiling motif is
present (SI Appendix, Fig. S4).

Conclusions

In conclusion, we have shown that monodisperse amphiphilic
diblock copolypeptoid tiles can assemble in water to form hollow,
multiwalled crystalline nanotubes, with diameters that depend on
chain length. Although a full mechanistic understanding of the self-
assembly pathway is beyond the scope of this paper, it is clear that
crystallization of both the hydrophilic and hydrophobic blocks plays
a dominant role. Particularly remarkable is that the intertile
packing interactions are strong enough to enable an open tubular
structure to form with a significant uncollapsed and solvent-ex-
posed hydrophobic domain. Ethyleneoxy and n-aliphatic packing
interactions are surprisingly strong and can crystallize in thin do-
mains that are stable despite significant curvature. The flexibility of
the peptoid backbone (39) allows the side chains to coordinate
their interactions. The identical size of the hydrophobic and hy-
drophilic blocks, and the high molecular purity of these low—
molecular-weight polymers allow them to behave like molecular
tiles that can pack in a brick-like lattice. The sequence-specific
submonomer peptoid synthesis method allows these nanotubes to
be precisely functionalized and tailored for a variety of potential
applications in biomedicine and nanotechnology. More generally,
the ability to mimic the precision of biomolecular architecture with
sequence-defined synthetic polymers using an ever-growing set of
packing interaction motifs will enable the next generation of
functional nanomaterials.

Materials and Methods

Synthesis of Peptoid Polymers. Polypeptoids were synthesized by the solid-phase
submonomer method (14, 16) on an automated robotic synthesizer or a com-
mercial Aapptec Apex 396 robotic synthesizer on 100 mg of Rink amide poly-
styrene resin (0.61 mmol/g; Novabiochem). One of the primary amine
submonomers, 2-(2-(2-methoxyethoxy)ethoxy)ethyl amine was synthesized as
previously described (40). All of the other monomers, solvents, and reagents
described here were purchased from commercial sources and used without
further purification. The block copolypeptoids pNdcg-b-pNteg, pNdc;3-b-pNte;s,
and pNdc;g-b-pNteg were synthesized and purified as previously described (18,
19). The molecular purities of the isolated polymers were 95%, 95%, and
90%, respectively.

Nanotube Assembly. Polymer stock solutions were prepared by dissolving the
purified peptoids in THF (with gentle heating) to a concentration of 10 mg/mL.
To a given amount of peptoid THF solution (0.3-0.6 mL), millipore water was
added slowly with gentle stirring to produce a final volumetric ratio of THF:
water = 1:2.5. The THF was then slowly removed under house vacuum over-
night. The volume of the solution was reduced by 50% to give a final peptoid
concentration of 0.6 wt %.

DSC. DSC experiments of solid-state samples were performed to determine
the thermal behavior of the synthesized peptoids using a TA Q200 Differ-
ential Scanning Calorimeter. In all tests, a scan rate of 10 K/min was used
in the temperature range of —60 °C to 200 °C for three heating and
cooling cycles.
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. Zhang L, Eisenberg A (1995) Multiple morphologies of “crew-cut” aggregates of
polystyrene-b-poly(acrylic acid) block copolymers. Science 268(5218):1728-1731.
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960-963.
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Nano-DSC measurements were taken on aqueous solutions of peptoid nano-
tubes (0.6 wt %) on a CSC Model 6100 Nano Differential Scanning Calorimeter. A
scan rate of 1 K/min was used in the temperature range of 15 °C-110 °C.

SAXS. The SAXS experiments were performed using the automated BM29
bioSAXS beamline (41) at the European Synchrotron Radiation Facility,
Grenoble, France. The data were obtained using an energy of 12.5 keV and a
detector distance of 2.87 m, covering a Q range [Q = 4z sin (0/2)/A, where 1 is
the wavelength and @ is the scattering angle] of about 0.0047 A~' < Q < 0.5
A~'. The data were calibrated to an absolute intensity scale using water as a
primary standard.

WAXS. The polypeptoid solutions were loaded into the center of Garolite G-10
spacers with 0.125-um thickness and a central hole with a diameter of 3.86 mm.
The samples were then sealed off in a custom-designed sample holder with
Kapton windows. Measurements were performed at beamline 7.3.3 at the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory. Sam-
ples were loaded on a custom-built temperature stage and annealed at each
temperature for 15-20 min before taking measurements. A silver behenate
sample was used as a standard. Full 2D scattering patterns were collected on an
ADSC CCD detector. The scattering patterns from the ALS were reduced using
the Nika program for Igor Pro available from Jan llavsky at Argonne National
Laboratory (Argonne, IL) (42).

EM Characterization and Sample Preparation. The vitrified specimens were
prepared using a Vitrobot (FEI, Inc.). Grids with lacey carbon films were
glow discharged to produce a hydrophilic surface, and a 3-pL droplet of
the aqueous nanotube suspension was deposited on the surface. The
droplet was blotted by filter paper and plunged into liquid ethane to
obtain a vitrified thin film. The vitrified specimens were examined using
a Philips CM200 cryo-EM at —185 °C to obtain 2D projections, and tilt
series were collected using Serial EM (43) on JEOL 3100 cryo-EM at 300 kV
with a 40-eV slit width. Tilt series included 32 images with a 4° tilting
step with accumulated dose about 60 electrons per A2, Tile series were
recorded using the dose fraction mode of a K2 direct detection camera
(Gatan) with defocus of 4 um. The dose fractionated images were
aligned using the bandpass filter in DigitalMicrograph (Gatan) and av-
eraged to obtain the micrographs for reconstruction. The pixel size in
micrographs was 0.365 nm.

Nanotubes were negative stained using uranyl acetate. A mixture of 1.5 pL of
nanotubes aqueous solution and 1.5 pL of uranyl acetate aqueous solution was
dropped on the grid with a hydrophilic, continuous carbon film. Nanotubes were
also positively stained using ruthenium tetroxide vapor. A grid with dried nano-
tubes was placed in a well-sealed glass vial that contained 4% (wt/vol) aqueous
ruthenium tetroxide solution for 10 min. All stained dried grids were observed
using a Tecnai F20 (FEl, Inc.) at 200 kV with a 20-eV slit-width to obtain 2D pro-
jections and tilt series. The angular range of tilting was from —70° to 70° with a 1°
step. The reconstruction of tilt series and processing and visualization of tomo-
grams were carried out using IMOD (44, 45) and the Avizo visualization package.
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