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2D Crystal Engineering of Nanosheets Assembled from Helical Peptide

Building Blocks

Andrea D. Merg, Gavin Touponse, Eric van Genderen, Xiaobing Zuo, Alisina Bazrafshan,
Thorsten Blum, Spencer Hughes, Khalid Salaita, Jan Pieter Abrahams, and

Vincent P. Conticello*

Abstract: The successful integration of 2D nanomaterials into
functional devices hinges on developing fabrication methods
that afford hierarchical control across length scales of the entire
assembly. We demonstrate structural control over a class of
crystalline 2D nanosheets assembled from collagen triple
helices. By lengthening the triple helix unit through sequential
additions of Pro-Hyp-Gly triads, we achieved sub-angstrom
tuning over the 2D lattice. These subtle changes influence the
overall nanosheet size, which can be adjusted across the
mesoscale size regime. The internal structure was observed by
cryo-TEM with direct electron detection, which provides real-
space high-resolution images, in which individual triple helices
comprising the lattice can be clearly discerned. These results
establish a general strategy for tuning the structural hierarchy
of 2D nanomaterials that employ rigid, cylindrical structural
Units.

Introduction

Owing to their ultrathin and planar geometry, two-
dimensional (2D) nanoscale materials possess intrinsic phys-
ical properties that make them suitable for a diverse range of
applications.["! Inspired by the discovery of graphene and its
unique properties,”’ numerous 2D nanomaterials of various
compositions have been synthesized. However, systematic
control of their structural hierarchy across a range of length
scales remains a significant challenge. This is especially
evident for bottom-up assembly methods for free-standing
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2D nanostructures. Polymorphic assemblies are typically
obtained, with little control over their lateral dimensions,
which limits further material processing. Harvesting materials
of pre-determined uniform sizes would streamline their
incorporation into functional devices. Consequently, new
assembly methods that afford hierarchical control over the
entire assembled product (e.g. nano- to mesoscale) are critical
for realizing their potential applications.

Recent 2D fabrication methods have employed sequence-
programmable oligomers such as block copolymers,® pep-
tides,'" peptoids,” and nucleic acids.”! Of these, peptides are
extensively studied supramolecular building blocks. They
possess excellent chemical diversity and predictable assembly
behavior, which can be encoded through rational alterations
to the primary structure.”) However, the intrinsic chirality of
amino acids and their proclivity toward unidirectional growth
through H-bonding interactions precludes propagation in two
dimensions. To circumvent this predisposition, researchers
have utilized helical structural motifs (e.g., coiled coils,
collagen triple helices, and alpha helices) to bias self-assembly
in the lateral dimensions (Figure 1a).**7 These structural
units can be considered as “rigid rods.” Programming
interactions between the faces of these rod-like units can
direct their lateral assembly.

By exploiting this design strategy, we have reported the
construction of crystalline nanosheets assembled from colla-
gen-mimetic peptides (CMPs)."™! These peptides comprise
three sequential blocks with positively charged, neutral, and
negatively charged triads, and their folding into collagen
triple helices facilitates their packing into a 2D lattice through
Coulombic charge interactions between oppositely charged
residues on adjacent triple helices (Figure 1b). The pristine
and simple nanosheet construction leverages these materials
as an ideal platform for studying how tuning the structural
properties of helical building blocks influences the internal
packing (nanoscale order) and overall assembly architecture
(mesoscale order) for this material class. Understanding these
factors will afford broad engineering principles for designing
2D assemblies that are constructed from rigid (super)helical
structural motifs and provide a straightforward route for
tailoring their structural properties.

Herein, we present a family of CMPs with varying
numbers of canonical pro-triple helix forming Pro-Hyp-Gly
triads comprising the central block (Figure 1c). We hypothe-
sized that this series would provide a systematic level of
understanding of the factor(s) that dictate structural changes
of these 2D assembly systems involving rod-like protomers.
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Figure 1. a) 2D assemblies constructed from rigid helical peptide
building blocks. b) Amino acid sequence of CMPs comprise positively
charged, neutral, and negatively charged triads. Their folding into
collagen triple helices gives rise to the triple helix building unit.
Antiparallel packing of triple helices into a tetragonal 2D lattice is
facilitated by the alignment of complementary charge interactions
between adjacent triple helices. c) The 4S(X) peptide series with
varying numbers (Z) of Pro-Hyp-Gly triads incorporated into the
central block (amp =4S-aminoproline). We hypothesize that incremen-
tal changes to CMP length may offer hierarchical control over the
assembly parameters.
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Increasing the peptide length would influence a variety of
factors, in particular, triple-helix stability and the thickness of
the resulting nanosheets, however, it was unclear as to
whether it would influence lateral size and sheet dispersity.

Results and Discussion

CMPs were synthesized and purified using established
methods and their compositions were confirmed by mass
spectrometry (see Figures S1,S2 in the Supporting Informa-
tion for details). Initial assembly experiments involved
dissolving CMPs (4 mgmL™") in 20 mm 3-(N-morpholino)-
propanesulfonic acid buffer (MOPS, pH 7.0), heating to 90°C,
and cooling to 4°C or room temperature. The assemblies were
allowed to assemble for 2 weeks.

Confirming our previous report, 4S(X), (previously
termed NSIII) assembles into square nanosheets of homoge-
nous size at 4°C (diagonal length, L,=953+72 nm; Fig-
ure 2a,b).[1 4(X),s, assembles into smaller nanosheets (L, =
443 +90nm) at room temperature (Figure2a,b). Their
formation at room temperature is credited to the extra Pro-
Hyp-Gly triad. 4S(X),, and 4S(X),; also assemble into
nanosheets at room temperature, but the sheets appear to
coalesce, forming larger “raft-like” assemblies (Figure S3).
This could be due to the greater contour length associated
with longer Pro-Hyp-Gly blocks, which may promote lateral
interaction between the incipient nanosheets. To prevent raft
formation, we repeated the assembly experiments at lower
[CMP]. 4S(X)4, and 4S(X),7., assembled at 1 mgmL ™', form
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Figure 2. Characterization of 4S(X) 44 4S(X)4s4r 4S(X) 464 and 4S(X)474 nanosheets a) TEM images (scale bar=500 nm). b) Ly distribution of CMP

nanosheets based on TEM (200 counts each).

of (d).

www.angewandte.org

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

c) DLS spectra. d) AFM images (scale bar=1 pm). e) Height trace of nanosheet shown in the inset
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discrete nanosheets of similar dimensions (Lq= 153 +44 nm
and 149 +£36 nm, respectively; Figure2a,b). Finally, few
nanosheets were observed for 4S(X),;, at 4 °C, which indicates
that there is a threshold peptide length necessary for assembly
to occur at this [CMP] (Figure S4). Doubling the concen-
tration (8 mgmL™') yields polymorphic nanosheets in all
dimensions, likely due to the high [CMP], and therefore we
did not fully characterize their assembly (Figure S5). These
results suggest that peptide concentration and assembly
temperature have a significant influence on the optimal
conditions for nanosheet formation, which may be interpreted
in terms of these effects on triple helix stability.

The differences in sheet sizes observed by TEM was
confirmed insitu using dynamic light scattering (DLS).
Although, the Stokes—Einstein relationship is not valid for
2D assemblies, the population of nanosheets could still be fit
to a single curve that is consistent with a uniform size
distribution of self-assembled species (Figure 2¢). DLS data
confirm the decrease in sheet size with increasing Pro-Hyp-
Gly repeats within the core block.

Atomic force microscopy (AFM) analysis of the nano-
sheets revealed sheet thicknesses of 9.44+0.1 nm, 11.0+
03 nm, 11.9+0.5nm, and 12.84+0.2 nm for 4S(X),, 4S-
(X) 454> 4S(X) 464, and 4S(X) 474 sheets, respectively (Figure 2d,e
and Figures S6,S7). These measurements agree with theoret-
ical thicknesses of 10.3 nm, 11.2 nm, 12.0 nm, and 12.9 nm
(0.286 nm rise/residue for collagen triple helices).’! The
heights obtained from AFM confirm that the nanosheets
comprise a single layer with triple helices packed perpendic-
ular to the surface. Altogether, these results demonstrate that
one can systematically tune CMP nanosheets in all dimen-
sions simply through extending the length of the triple helical
building block.

Circular dichroism (CD) spectropolarimetry of CMP
nanosheets shows the characteristic collagen triple helix
profile marked by a positive maximum at approximately
224 nm and a negative minimum at approximately 198 nm
(Figure 3). Rpn values, which report the ratio of these peak
intensities, is useful in determining the formation of collagen
triple helices in solution.”! The values confirm that the triple

CD (mdeg)
g

S0 200 zi0 230 230 240 280 280
Wavelength (nm)

Figure 3. CD spectra of assembly solutions of 4S(X) 4, (4 mgmL™",

Rpn=0.05); 45(X) 44 (4 mgmL™", Rpn=0.19); 4S(X) s, (4 mgmL™",

Rpn=0.13); 45(X) 44 (1 mgmL™", Rpn=0.09); 4S(X),7, (1 mgmL™",

Rpn=0.10).

Angew. Chem. Int. Ed. 2019, 58, 13507 —13512

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Research Articles A" dte

helices are present for all optimized CMP assemblies (Rpn
>0.09) except for 48(X),s, (4 mgmL~", Rpn=0.05).”

It is well-known that increasing the Pro-Hyp-Gly length
within collagen peptides increases the stability of the triple
helix."” Thermal denaturation studies of 4S(X),, 4S(X)4ss,
4S(X) 464, and 4S(X) 474 sheets revealed melting temperatures
(T,,) of 34°C, 50°C, 44°C, and 49°C, respectively (Figure S8).
The lower T,, of 4S(X),¢; and 4S(X),7, compared to 4S(X),s, is
attributed to the lower [CMP]. In order to allow direct
comparison of the triple helix stability between CMPs, T,
measurements were acquired on pre-assembled CMP nano-
sheets at a single concentration (1 mgmL™'; Figure S9).
Thermal transitions at 22°C and 37°C for 4S(X),, and
4S(X),ss, respectively, provide further evidence that shorter
CMPs with fewer Pro-Hyp-Gly triads are less stable than their
longer CMP counterparts.

We hypothesized that the change in size over the 4S(X)
series is likely due to the frequency of nucleation events that
occur during the assembly process. Moreover, TEM data
reveal differences in sheet homogeneity between CMP
assemblies. To address these discrepancies, timepoint studies
were conducted (Figure 4a and Figures S10-12). Small 4S-
(X)444 nanosheets are observed as early as 30 min after
reaching the incubation temperature of 4°C. Subsequent
timepoints reveal that the sheets appear to grow uniformly
and reach maturity after 2 weeks (Figure 4a). Similarly,
4S(X)4s4, 4S(X) 44, and 4S(X),74 nanosheets are observed at
early timepoints at room temperature and grow over time;
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Figure 4. a) TEM images of 45(X),, nanosheets at various timepoints
over the first week of assembly at 4°C. Scale bar=500 nm. b) Square
area of 45(X),44 nanosheets and corresponding RSD values as a func-
tion of assembly time. c) Rpn values of 45(X) 4, assembly solution as
a function of assembly time. d) Homoepitaxial growth of 4S(X),,, and
N;-45(X) 444 monomers (9:1) around preformed 4S(X),4, sheets fol-
lowed by attachment of Cy3 via copper-free azide—alkyne cycloaddition.
e) Fluorescence optical micrograph after 1 week of growth reveals the
successful homoepitaxy off 45(X) 444 nanosheet seeds. Scale

bar=5 pum. False color is used to enhance contrast. f) Fluorescence
line scan of the nanosheet shown in the inset of (e).
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however, the sheets appear to be less homogenous throughout
the assembly process (Figures S10-12).

To quantify these results, we plotted nanosheet size as
a function of time along with the corresponding relative
standard deviation (RSD; Figure 4b and Figure S13). RSD
values were calculated to determine the degree of dispersity
of the sheet population. Sheets grew in a logarithmic fashion
regardless of CMP length. A starting RSD value of 37 % was
observed for 4S(X),44, followed by an exponential decrease in
a manner that is inversely proportional to growth in sheet size
(Figure 4b). The decrease in RSD values implies that no sheet
nucleation occurs after the initial nucleation event. As the
sheets grow, the difference in sheet sizes become less
significant, leading to smaller RSD values.

In contrast, the RSD values for 4S(X),ss, 4S(X)4, and
4S(X),74 nanosheets over the 2-week time study remain
relatively constant, thus suggesting that nanosheet seeds
continue forming throughout the assembly process (Fig-
ure S13). Analysis of distribution data for sheet sizes collected
at each timepoint confirmed the assembly discrepancies
between CMPs (Figure S14). While monodisperse nanosheet
seeds are formed within 2 hrs for all CMPs, frequent
nucleation events for 4S(X),s, and 4S(X),;, assemblies con-
tinue to take place throughout the assembly process. 4S(X),44
seeds, however, are almost exclusively formed during the
initial nucleation event (within 2 hrs). The initial nanosheets
generated at these early timepoints serve as seeds for
homoepitaxial addition of collagen triple helices. 4S(X)s4
follows a similar assembly process as 4S(X),,, however, sheet
nucleation continues to occur after the initial timepoints,
although less frequently than with the longer CMPs.

In addition to TEM, CD timepoint studies were also
conducted to monitor the formation of collagen triple helices
in solution (Figure S15). Interestingly, the Rpn values, which
provide feedback on triple helix formation, increase over time
in a manner comparable to sheet growth, thus implying that
sheet growth is controlled by triple helix formation or vice
versa (Figure 4 ¢ and Figure S16). This codependence may be
due to the stabilization of triple helix folding offered by the
2D lattice of the nanosheet assembly, which counteracts the
unfavorable charge repulsion between parallel strands within
isolated CMP triple helices.

From these time-dependent studies, we conclude that the
homogeneity and lateral dimensions of nanosheets are
nucleation-dependent, and that tuning the length of the
central block regulates the generation of sheet nuclei, which
controls sheet size and dispersity. We hypothesize that
4S(X)444 happens to be at the “sweet spot”, that is, the
position in which nucleation of the sheets and subsequent
growth off those sheets is controlled, which gives rise to
unusually monodisperse nanosheets. The assembly process
resembles crystallization-driven living polymerization, where
seed edges remain active to epitaxial growth of successive
additions of monomers.**!) To probe whether 4S(X)..
nanosheets are “living,” a 9:1 mixture of 4S(X),, and N-
terminal azido-modified 4S(X),,, (azido-PEG5-acid, N;—4S-
(X) 4445 Figure S17) monomers were introduced to a solution
of pre-assembled 4S(X),, nanosheets. The azide derivative
allows the postsynthetic conjugation of Cy3 fluorophore onto

www.angewandte.org
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the sheet surface through copper-free azide—alkyne cyclo-
addition (Figure 4d). TEM and Fluorescence microscopy of
nanosheets after 1 week reveals the successful homoepitaxy
(Figure 4e.f and Figures S18,S19), unveiling an additional
route for fabricating size-tunable CMP nanosheets as well as
highlighting the potential for functionalizing the sheet surface
with nanoscale spatial control. In summary, we reason that
4S(X)444 has a diminished ability to generate new nuclei
compared to the more crystallizable triple helices of longer
CMPs. This allows a controlled growth process where newly
formed triple helices attach onto existing nanosheets leading
to a more uniform product.

Small- and wide-angle X-ray scattering (SAXS/WAXS)
experiments were conducted on the nanosheets to character-
ize their internal structure. We hypothesized that differences
in lattice packing parameters and degree of crystallinity could
contribute to the observed variation in sheet size. Scattering
curves were obtained for all CMP nanosheets, including
48(X),5, nanosheets (8 mgmL~'; Figure Sa, Table 1). The
scattering intensities at low ¢ region (g <0.02 A™!) roughly
follow g power law, indicating a uniform sheet-like mor-
phology for all CMP nanosheets except those derived from
4S(X),34, which is likely due to multilamellar stacking. Fitting
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. 0.42 0.46 050 9. p
=
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Figure 5. a) Synchrotron SAXS scattering profile (see Table 1 for d-
spacings). Inset: expansion of peak (1) diffraction peaks. b) Cartoon
representations of the different lattice packing parameters of collagen
triple helices (colored circles) between CMP nanosheets. c,d) High-
resolution cryo-TEM images and corresponding FFT analysis of 4S-
(X) 444 (c) and 4S(X)4s4 (d) nanosheets. FFT spots (d-spacing) for 4S-
(X)aaa: (1) 14.1A,10.0 A and 4S(X)454: (1) 13.7 A, (2) 9.7 A. e,f) Assem-
bly model of the 2D lattice of 4S(X).44 (€) and 45(X)4s4 (d) nanosheets.
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Table 1: Calculated d-spacings (A) of Bragg peaks obtained from SAXS.

Peak 45(X)s3s  4S(X)aee ASXK)ass ASK)aes 4S(X)a7e
Number

m 14.1 13.9 13.7 13.4 133
@) 10.0 9.9 9.7 9.7 9.7

3) - - 19.2 18.5 18.5

the low g data using the Guinier equation for sheet-like forms
gives average sheet thicknesses that are consistent with AFM
and theoretical height calculations (105.9 A, 1193 A, 1285 A,
134.7 A; Figure S20). The oscillations in the ¢ region of
approximately 0.03-0.3 A~' arise from the thickness of the
nanosheets and the attenuation of the oscillation reflects the
variation of nanosheet thickness, which is estimated as around
15 A (Figure S21).14!

All CMP nanosheets possess a high degree of crystallinity
as observed from the presence of several Bragg diffraction
peaks in the high ¢ region (i.e., small d-spacing) of the
intensity plot (Figure 5a). Unsurprisingly, the peak patterns
are comparable, thus indicating that they exhibit a similar
underlying assembly structure. Peaks (1) and (2), observed for
all CMP sheets, correspond to d-spacings that range from
141 A to 133 A and 10.0 A to 9.7 A (Table 1). These sets of
peaks are related in that peak (2) multiplied by /2 is roughly
equal to peak (1), which suggests the presence of ordered
tetragonal packing of collagen triple helices within the
assemblies. This relation holds well for 4S(X),,, and 4S(X)4s4
nanosheets, but to a lesser extent for nanosheets derived from
4S(X)46s and 4S(X)s4, thus implying that the tetragonal
lattices of the latter are slightly distorted. Furthermore, the
results reveal that the lattice contracts with each Pro-Hyp-Gly
addition to the core block (Figure 5b). We note that the
WAXS data for 4S(X),, are slightly different than that
previously reported. We ascribe these differences to the
previously reported sheets not having reached full maturity.

The SAXS/WAXS data suggest that the longer CMP
sequences allow the protomers to pack more tightly to one
another within the 2D lattice. Close examination of peak (3),
found at smaller g values, reveals that this peak becomes more
prominent with increasing CMP length, which is a sign that
the nanosheet exhibits greater internal crystallinity at longer
length scales. Moreover, the lattice distortion observed for
4S(X)464 and 4S(X)4y4 is reminiscent of single-crystal X-ray
diffraction studies of synthetic collagen triple helices, which
often pack into layered structures displaying distorted
pseudo-tetragonal or hexagonal packing symmetry."””) We
hypothesize that as the central block becomes longer, its
structure increasingly dominates the 2D packing behavior of
the triple helices, which deviates from a purely tetragonal
lattice. Altogether, these results correspond well with the
previous results in that longer CMPs generate sheet nuclei
more readily than their shorter CMP counterparts.

Cryogenic transmission electron microscopy (cryo-TEM)
with direct electron detection was employed on 4S(X),,, and
4S(X),s4 nanosheets to study their internal structure in further
detail (Figure 5c,d and Figures S22,S23). These peptides were
chosen as substrates because the larger size of the corre-
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sponding nanosheets facilitates visualization under the micro-
scope. High-resolution cryo-TEM images reveal strikingly
ordered tetragonal packing of individual triple helices within
the nanosheet assembly, in which individual distances be-
tween triple helical protomers can be determined directly in
real space.

Fast Fourier transformations (FFTs) of the cryo-TEM
images confirm the high degree of order within the nano-
sheets, with Bragg spots observed up to d-spacings of around
4.5 A (Figures $22,S23). The presence of Thon rings at
resolutions outside the computed Bragg spots indicates the
breakdown of 2D order beyond that resolution. A 4-fold
rotational symmetry confirms the tetragonal lattice of both
CMP assemblies. Measured d-spacings of approximately
14.1 A and 10.0 A for 4S(X),,, nanosheets, and approximately
13.7 A and 9.7 A for 4S(X),s, nanosheets are in close agree-
ment with corresponding d-spacings obtained from the 1D
SAXS curves. To account for any distortions of Bragg spots
arising from their possible location on Thon rings, images
obtained with similar defocus distances were used to allow
direct comparison.

Based on the structural information obtained from AFM,
SAXS, and cryo-TEM, we propose assembly models for
4S(X) 444 and 4S(X),s, nanosheets (Figure 5e,f). The nano-
sheets comprise a single 2D tetragonal lattice of collagen
triple helices that are oriented perpendicular to the sheet
surface. The helices pack in an antiparallel fashion, thereby
allowing oppositely charged triads from neighboring triple
helices to be in contact, which provides the cohesive electro-
static interactions that stabilize the triple helices and the
corresponding 2D assemblies. We note that the model for
48(X) 44 sheets corrects a previously proposed model,'*! which
highlights the importance of real-space imaging obtainable by
cryo-TEM compared to SAXS measurements in which the
data are azimuthally averaged. Furthermore, we can propose
a model for 4S(X),3, nanosheets, which is simply an expansion
of the 4S(X),y, lattice. While at present, assembly models for
4S(X),64 and 4S(X),;4 assemblies cannot be constructed with
full certainty, the insight obtained from this study allows us to
propose that their lattices are nearly identical and are slightly
distorted and contracted compared to the rest of the 4S(X)
family. These structural distortions may reflect the intrinsic
packing preference of the longer Pro-Hyp-Gly block within
the triblock sequence architecture (see above).

Conclusion

In conclusion, we demonstrate hierarchical structural
control of nanosheets through systematic changes to the
triple helix architecture. We show that sequence-directed self-
assembly of cylindrical rod-like units, such as collagen triple
helices, is a facile mechanism for the construction of
structurally defined and tunable 2D assemblies. The results
suggest that supramolecular interactions between structural
elements can be propagated hierarchically to afford structural
control across length-scales. Furthermore, we demonstrate
homoepitaxial growth of 4S(X),y, nanosheets, which high-
lights an intriguing handle for incorporating multiple func-
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tional domains within the assembly architecture with nano-
scale resolution. Finally, we anticipate that these results will
afford general assembly guidelines for engineering 2D
systems that are built from rigid, helical structural motifs
and offer instruction for controlling their assembly parame-
ters across a range of length-scales.
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