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Abstract 

Supramolecular self-assembly from peptides is a powerful bottom-up approach for the fabrication 

of bio-nanomaterials. Peptides are advantageous among the sequence-programmable oligomers 

because of their sequence-specificity and chemical diversity, hence offering a great opportunity to 

introduce functional complexity across length-scales. However, it is currently still challenging to 

achieve controlled fabrication of structurally and dimensionally defined assemblies. This 

dissertation presents our effort in the fabrication of one- and two-dimensional nanomaterials from 

the self-assemblies of peptide sequences that are electrostatically self-complementary. The general 

construct of the peptides consists of two end blocks with oppositely charged residues and a 

midblock that is neutral. The peptide sequences are designed based on two structural motifs, 

collagen triple helices and 𝛽 -sheets. The collagen-mimetic peptides (CMPs) fold into triple 

helices, which subsequently self-assemble into two-dimensional crystalline nanosheets via 

electrostatic interaction. In this work, we utilize CMPs for the construction of multicomponent 

nanosheets with tunable properties. Even though our study of the 𝛽 -strand mimetic peptides 

(BMPs) is still at its infancy, preliminary results indicate that the charge-complementary sequence 

design in combination with D-amino acid substitution promote very robust growth of BMPs into 

one-dimensional nanotubes. Our current findings suggest that the relatively simple design of 

electrostatically self-complementary peptides works across multiple structural motifs and may 

present a promising strategy for controlled fabrication of peptide-based nanomaterials. 
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1.1. Introduction 

Two-dimensional (2D) nanomaterials possess an ultrathin, planar geometry where the 

lateral dimensions are one or several orders of magnitude larger than the thickness.4 A well-known 

example is graphene, which is a single-layer of graphite with a close-packed conjugated hexagonal 

carbon lattice.5 Graphene nanosheets have excellent properties such as large specific area, good 

mechanical strength, electronic and thermal conductivities, high intrinsic mobility, so it is widely 

applied in electronic devices, sensors, and other fields.4, 6 Inspired by the discovery of graphene, 

numerous 2D nanomaterials, especially soft materials, such as 2D polymers,7, 8 covalent organic 

frameworks,9-11 2D supramolecular nanostructures,12, 13 have also been studied. These materials 

are advantageous because they are light-weight, flexible, and can be fabricated using various 

methods.4 These merits offer 2D nanomaterials a wide range of potential applications, such as in 

energy storage and conversion, as membrane, as catalytic scaffold, as sensing elements, as 

biotechnological interfaces.4 Synthetic approaches for fabrication of 2D nanomaterials include 

both top-down and bottom-up. However, at the nanoscale, bottom-up approaches are more 
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promising because they are higher-throughput, allow for molecular-level resolution, are cheaper 

and generate less waste. 

Supramolecular self-assembly is a powerful bottom-up approach to synthesize 2D 

nanomaterials. This strategy employs sequence-programmable oligomers such as block 

copolymers,7, 14 peptides,1-3, 15-20 peptoids,21-23 nucleic acids24, 25, and nucleic acid – peptide 

conjugates26. Of these, peptides are advantageous because of their sequence-specificity and 

chemical diversity, hence offering a great opportunity to introduce functional complexity across 

length-scales. Research effort in constructing nanosheets has employed the self-assembly of 

various structural motifs including 𝛽-sheets,15, 16  collagen-mimetics,1-3, 17 straight alpha-helices,18 

short synthetic peptides.19, 20 Even though multiple strategies have been employed, it is currently 

still challenging to achieve controlled fabrication of structurally and dimensionally defined 

assemblies.  

Our lab has addressed this challenge using collagen-mimetic peptides (CMPs). Natural 

collagen is the most abundant protein in mammals and represents a great potential biomaterial 

because of its biocompatibility and ability to mimic the endogenous extracellular matrix.27 The 

defining feature of native collagen is the three polyproline-II-type single strands that wrap around 

each other to form a right-handed triple helix.28 Its sequence consists of tripeptide repeats Xaa-

Yaa-Gly, where Xaa and Yaa are commonly proline and (4R)-hydroxyproline (Hyp), respectively.28 

The triple helix is held together by inter-strand hydrogen bonds between neighboring Gly and 

Pro.28 Research on collagen model peptides containing non-natural proline derivatives in place of 

Pro and Hyp has demonstrated the ability to tune the thermal stability of collagen triple helices in 

acidic and basic environments.29, 30 
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In our CMP design, the sequences consist of three sequential blocks of positively charged, 

neutral, and negatively charged triads (Figure 1A). The peptides then fold into triple helices, which 

can be considered “rigid helical rods.” Those serve as building blocks and can self-assemble into 

2D lattice via Coulombic attraction between oppositely charged residues of adjacent triple helices. 

Based on previous synchrotron small-angle/wide-angle X-ray scattering (SAXS/WAXS) and 

cryogenic transmission electron microscopy (Cryo-TEM) data, we proposed a general model for 

the nanosheets where the triple helices are packed into a tetragonal lattice and perpendicular to the 

sheet surface (Figure 1B). Peak (1) and (2) constitute the triple helix packing parameters, where 

(1) corresponds to distance between (010) planes and (2) marks the distance between (111) planes. 

The d-spacings for peak (1) is approximately √2	×	 peak (2), agreeing with a tetragonal 

arrangement. 

 

Figure 1. (A) Sequences of CMPs comprise positively, neutral, and negatively charged triads. 

Their folding into triple helices gives rise to triple helix building blocks, which subsequently pack 

into a 2D lattice with antiparallel orientation due to complementary charge interactions. (B) Model 

for packing of the collagen triple helices into a tetragonal lattice, with d-spacings for peak (1) being 

approximately √2	×	peak (2). Adapted from Merg et al.1 

 Our recent projects have been employing (2S, 4S)-4-aminoproline or (2S,4R)-4-

aminoproline as the positively charged residue and glutamic acid as the negative one. An example 
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is the 4S(X)444 peptide with (2S, 4S)-4-aminoproline residue in the Xaa position. 4S(X)444 

assembles into nanosheets that are single layer and uniform in size (Figure 2).  

 

Figure 2. Sequence of the 4S(X)444 peptide (amp = (2S, 4S)-aminoproline) that self-assembles into 

uniform nanosheets (left, scale bar = 1 𝜇m) and its assembly model with measured d-spacings 

(right). Adapted from Jiang et al.2 and Merg et al.1 

 We demonstrated the ability to achieve hierarchical control across length-scales over the 

formation of nanosheets from 4S(X) peptide series. By varying the number of Pro-Hyp-Gly triads 

comprising the central block, we were able to tune the resultant nanosheets both at the meso- and 

nanoscale (Figure 3). Specifically, CMPs with longer neutral block yield nanosheets of smaller 

lateral dimensions, higher thermal stability, and more contracted lattice. 
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Figure 3. Hierarchical structural control of nanosheets achieved by modifying the number of 

neutral triads in 4S(X) peptide series. (A) CMP sequences that differ by the number of triads in the 

central block, (B) TEM images showing nanosheets with decreasing lateral dimensions (scale bars 

= 500 nm) and their corresponding melting temperatures, and (C) Synchrotron SAXS scattering 

profiles and corresponding calculated d-spacings of Bragg peaks. Adapted from Merg et al.1 

 Moving from single-component assemblies, we also addressed the construction of 

multicomponent, sectored nanosheets. Pre-formed nanosheets from 4R(X)444 peptide (with 

(2S,4R)-4-aminoproline in the Xaa position) was used as templates for the homoepitaxial growth 

of 4S(X)444 around them. The resultant nanosheets have distinguishable core and shell regions 

(Figure 4). 
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Figure 4. Construction of sectored, core-shell assembly. (A) General scheme, (B) AFM amplitude 

image of a core-shell nanosheet, and (C) fluorescent image of core-shell nanosheets where each 

sector is functionalized with a different fluorophore. Adapted from Merg et al.3 

 It should be noted that in our core-shell assemblies, each component maintains its own 

internal structure, even though there are some lattice distortions at the core-shell interface. 

Consequently, it is not possible to achieve a systematic control over the dimensions and structure 

of the resultant nanosheets like what was shown with single-component systems. The great 

advantage of multicomponent nanosheets, however, is that they will allow for possible 

multifunctionality, where each individual component is functionalized. As a proof-of-concept 

experiment, we successfully showed with our core-shell structures that each domain could be 

functionalized with one fluorophore (Figure 4C). Therefore, we are motivated to develop another 

strategy for the construction of multicomponent nanosheets while also being able to achieve 

hierarchical control over their formation. 

 We hypothesize that by mixing two different CMP solutions and annealing their solution 

mixture, it is possible to construct multicomponent “blended” nanosheets where the two CMPs are 

homogenously mixed and randomly distributed across the structure. The general scheme is 

presented in Figure 5. Mixing of CMPs with distinctive characteristics (i.e., peptide sequence 

length and component, thermodynamic stability, lattice packing parameters) and annealing them 

together will facilitate random association of the triple-helical building blocks, resulting in mixed 
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nanosheets with properties such as dimensions, thermal stability, and internal structure that are 

intermediate between the pure ones. In addition, we expect that varying the mixing ratios between 

the two CMPs will allow for fine-tuning of the nanosheet properties. 

 

Figure 5. General scheme for fabrication of two-component nanosheets. Two different classes of 

CMPs (A and B) fold into distinct triple helices (A-red cylinder, B-blue cylinder) and consequently 

pack into nanosheets of different properties. By annealing a solution mixture of A and B, the 

peptides/triple helices will be able to randomly associate and assemble into nanosheets with 

properties such as lateral dimensions, thickness, thermal stability, or internal structure that are 

intermediate between pure nanosheets A and B. 
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1.2. CMP candidates for mixed assemblies 

The CMP pairs chosen for mixing should form pure nanosheets that are differentiable in 

dimensions and thermal stabilities. This will help the characterization process of the mixed 

assemblies become more straight-forward. In addition, the lattice spacings of those nanosheets 

should also be considered as we speculate that they will dictate whether the two peptides are 

compatible for mixing. Even though all CMP nanosheets are expected to share the same underlying 

tetragonal lattice, a large lattice mismatch may result in crystal defects and have a significant 

impact on the properties of the resultant nanosheets. The heteroepitaxy of polymers, which is 

comparable to our core-shell assembly, allows a benchmark limit of 15% lattice mismatch for 

successful growth.31 It would be interesting to find out what would be the accepted lattice 

mismatch for our mixed assemblies. 

 As a proof-of-principle experiment, four different CMPs have been chosen and their 

sequences are shown below.  

4S(X)535    (amp-Hyp-Gly)5 – (Pro-Hyp-Gly)3 – (Pro-Glu-Gly)5 
4S(X)545    (amp-Hyp-Gly)5 – (Pro-Hyp-Gly)4 – (Pro-Glu-Gly)5 

4R(X)444    (Amp-Hyp-Gly)4 – (Pro-Hyp-Gly)4 – (Pro-Glu-Gly)4 
4S(Y)444     (Pro-amp-Gly)4 – (Pro-Hyp-Gly)4 – (Glu-Hyp-Gly)4 

 

The peptides vary in the number of triads (3, 4, or 5) and in the identity of the positively 

charged residue ((2S,4S)-4-aminoproline (amp) or (2S,4R)-4-aminoproline (Amp)). As a result, 

they assemble into nanosheets that are significantly different in size and thermal stability (Figure 

6 and Table 1). 
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Figure 6. Resultant nanosheets from different CMP candidates. (A) 4S(X)535 (scale bar = 1 𝜇m), 

(B) 4S(X)545 (scale bar = 500 nm), (C) 4R(X)444 (scale bar = 500 nm), and (D) 4S(Y)444 (scale bar 

= 11 𝜇m). 

All CMPs, except 4S(Y)444, assemble into nanosheets displaying a relatively narrow size 

distribution (Figure 6). The nanosheets’ diagonal lengths (Ld) and melting temperatures (Tm) are 

summarized in Table 1. In addition, the d-spacings corresponding to the (010) planes (Figure 1B), 

which are the most prominent peaks in the SAXS profiles, are also presented. 
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Table 1. Properties of CMP candidates  

Peptide name 
Diagonal length of 

nanosheets (nm) 

Melting temperature 

(℃) 

d-spacing from highest 

Bragg peak in SAXS 

profile (Å) 

4S(X)535 697±196 37.9 14.2 

4S(X)545 154±67 31.7 14.1 

4R(X)444 222±86 54.1 13.5 

4S(Y)444 Too polydisperse 64.4 15.1 

 

 For our construction of multicomponent nanosheets, 4S(X)535 – 4S(X)545 will be a pair for 

mixing, and 4R(X)444 – 4S(Y)444 are the other pair. The two CMPs in a pair satisfy our requirements 

for forming pure nanosheets with significant difference in size and thermal stability. In addition, 

the lattice mismatch between 4S(X)535 – 4S(X)545 is less than 1% while between 4R(X)444 – 

4S(Y)444 is approximately 9%. It would be interesting to discover how differently these two 

systems would behave. 

 The assembling conditions for each CMP are presented in table 2. Both pure CMPs in a 

pair assemble under the same conditions, so their mixture assemblies would follow the same 

protocol. 
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Table 2. Different pairs of CMPs utilized for fabrication of multicomponent nanosheets and 

proposed assembling conditions. 

System CMP A 
Assembling 

conditions of A 
CMP B 

Assembling 

conditions of B 

Assembling 

conditions of 

mixed systems 

1 4S(X)535 

4 mg/mL, 

incubated at 4 ℃ 

for 2 weeks 

4S(X)545 

4 mg/mL, 

incubated at 4 ℃ 

for 2 weeks 

4 mg/mL, 

incubated at 4 ℃ 

for 2 weeks 

2 4R(X)444 

1 mg/mL, 

incubated at RT 

for 1 week 

4S(Y)444 

1 mg/mL, 

incubated at RT 

for 1 week 

1 mg/mL, 

incubated at RT 

for 1 week 

 

1.3. Mixing and characterization of 4S(X)535 and 4S(X)545 nanosheets 

The two CMPs serve as ideal candidates for our proof-of-principle experiment, as they 

assemble under the same conditions but 4S(X)535 forms nanosheets that are significantly larger and 

have higher melting temperature than 4S(X)545. Their lattice structures are similar (lattice 

mismatch is less than 1%), and 4S(X)545 is only longer by one triad so even when randomly 

associating the two peptides would still maintain sufficient electrostatic interaction to promote 

cohesion between triple helices. To assemble the mixed systems, different peptide mixtures with 

ratios ranging from 90% 4S(X)535 - 10% 4S(X)545, down to 75% 4S(X)535, 50% 4S(X)535, 25% 

4S(X)535, and 10% 4S(X)535 were prepared to a final concentration of 4 mg/mL, thermally annealed 

at 90 ℃ for 15 minutes, slow cooled by 1 ℃/5 minutes, and incubated at 4 ℃ for two weeks prior 

to characterization. 
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Figure 7. Resultant nanosheets from mixing of 4S(X)535 and 4S(X)545 peptides (scale bars = 500 

nm). (A) 90% 4S(X)535 - 10% 4S(X)545, (B) 75% 4S(X)535 - 25% 4S(X)545, (C) 50% 4S(X)535 - 50% 

4S(X)545, (D) 25% 4S(X)535 - 75% 4S(X)545, and (E) 10% 4S(X)535 - 90% 4S(X)545. Assembled at 

4 mg/mL in MOPS buffer (20 mM, pH 7) and incubated for 2 weeks. 

 Visual inspection of the TEM images reveal that all ratios studied see the formation of 

nanosheets that are monolayer, monodisperse in size, and smaller in lateral dimensions as lower 

percentage of 4S(X)535 is present (Figure 7). 

 

1.3.1. Size distribution 

 Among the mixed assemblies, no nanosheet as large as pure 4S(X)535 is observed (Figure 

7, Table 3). It is also visible that with lower percentage of 4S(X)535 present, the resultant nanosheets 

decrease in lateral dimensions. This is confirmed by measuring the diagonal length of the 

nanosheets (Table 3). The left-shift in the histograms (Figure 8A) also demonstrates this trend. In 

addition, dynamic light scattering (DLS) was also employed for obtaining size distribution. Even 

though the Stokes-Einstein relationship is not valid for 2D assemblies, the population of 
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nanosheets could still be fit to a single curve that is consistent with a uniform size distribution of 

self-assembled species (Figure 8B). DLS measurements agree with the overall decreasing trend in 

size of the nanosheets down to 25% 4S(X)535 - 75% 4S(X)545. The large numbers obtained for 10% 

4S(X)535 - 90% 4S(X)545 and 100% 4S(X)545 are more likely due to too concentrated samples 

resulting in aggregation of the nanosheets.  

 

Table 3. Characterization of 4S(X)535 – 4S(X)545 mixed nanosheets 

%4S(X)535 : 

%4S(X)545 

Diagonal length 

from TEM (nm) 

Diameter from 

DLS (nm) 

Melting 

temperature (℃) 

100:0 697 ± 196 335 37.9 

90:10 616 ± 159 305 37.8 

75:25 501 ± 108 245 35.3 

50:50 298 ± 112 183 34.7 

25:75 240 ± 77 154 33.1 

10:90 174 ± 79 211 32.8 

0:100 154 ± 67 186 31.7 

 

1.3.2. Thermal stability 

The first derivatives of the melting curves for the mixed assemblies are presented in Figure 

8C. All melting curves show a single melting transition, which implies the presence of only one 

population of nanosheets. This supports the hypothesis that those nanosheets are indeed mixed. 

The value of each peak corresponding to the melting temperature of the nanosheets is provided in 

Table 3. The melting points of the mixed nanosheets lie in between those of pure 4S(X)535 and 
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4S(X)545 ones. In addition, the thermal stability also decreases with decreasing amount of 4S(X)535 

peptides. 
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Figure 8. Characterization of 4S(X)535 – 4S(X)545 mixed nanosheets (A) Diagonal length 

distribution based on TEM (200 counts), (B) DLS spectra, (C) First derivative of the CD signal at 

224 nm as a function of temperature. 

 

1.3.3. Fluorescent imaging 

Previously with the core-shell assemblies, we performed dual-functionalization experiment 

on the surface of a single nanosheet (Figure 4C) and visualized using fluorescence imaging. In 

addition to serving as a proof-of-concept experiment for surface functionalization, this fluorescent 

scheme can also be applied to determine the colocalization of the two CMPs on the same nanosheet. 

 The general scheme (Figure 9) is that a solution of 4S(X)535, 4S(X)545, N-terminal-modified 

biotin and azido CMP derivatives (b-4S(X)535 and N3-4S(X)545) will be annealed altogether to form 

mixed nanosheets. Subsequently, the nanosheets will be incubated with DBCO-tagged Cy3B and 

biotin-tagged GFP. We speculate that the peptides indeed mix, and that their triple helices randomly 

associate across the structure. If that is the case, their resultant nanosheets would have biotin and 

azido groups evenly distributed on the surface, hence imaging under both green and red emission 

wavelengths would give overlapping signal. However, in case the triple helix building blocks do 

not mix but instead forming single-component domains, it would result in sectored nanosheets. 

Two possible scenarios could be either a core-shell or a “patchy” construct. Consequently, the two 

fluorophores would be present on separate areas of the nanosheets.  
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Figure 9. Fluorescence imaging experimental scheme and possible outcomes. Scheme detailing 

the site-specific attachment of DBCO-Cy3B and biotin-GFP on 4S(X)535 – 4S(X)545 mixed 

nanosheets. Possible scenarios for distribution of the fluorophores on the surface include (1) 

surface with evenly distributed fluorophores, implying homogenous mixing of the two peptides to 

form a “blended” nanosheet, (2) a sectored nanosheet where the two fluorophores are present on 

distinct regions of the surface, suggesting a “patchy” assembly with differentiable single-

component domains, (3) core-shell pattern, indicating another type of sectored nanosheet. 

 The limitation of fluorescence imaging, however, is its diffraction limit. Even though the 

chosen 90% 4S(X)535 - 10% 4S(X)545 nanosheets are the biggest among their mixed series, their 

diagonal length is still only 478 ± 58 nm on average (Figure 10E). This is barely larger than the 

diffraction limit and making it impossible to identify the proper square-shaped nanosheets. As 

expected, only small dots are spotted in fluorescent micrographs (Figure 10A and 10B). Line 

profiles through those dots give band widths of around 500 nm, which agrees with the size of the 

nanosheets. Shown in Figure 10C and 10D are the line profiles through some nanosheets in the 

green channel and their corresponding ones in the red channel. The overlapping of the peaks 

(Figure 10F) confirms the colocalization of Cy3B and GFP on the same surface, hence implying 
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mixing of the two CMPs. However, because of the limitation in the image resolution, it is not 

possible to determine how the fluorophores are distributed on the surface. 

 

 
Figure 10. Fluorescent experiment on 90% 4S(X)535 - 10% 4S(X)545 nanosheets, (A) imaged under 

green emission wavelength, (B) imaged under red emission wavelength, (C) enlarged image of the 

boxed section in the green channel and (D) its corresponding section in the red channel, (E) TEM 

image of the assembly, and (F) graph showing colocalization of GFP and Cy3B signals for the six 

nanosheets in (C) and (D). 

 

1.3.4. Additional thermal denaturation study to prove successful mixing of the two peptides 

 Another scheme to prove that the nanosheets are actually mixed is to pre-assemble the pure 

nanosheets, then mix the matured nanosheet solutions together and perform a melt immediately 

after. This should result in a melting curve with two melting transitions as there are two populations 

of sheets in the mixture. Subsequently, that mixture solution will be re-annealed. At high 

temperature, the nanosheets will dissociate into peptide monomers. Those peptides can now freely 
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associate to form nanosheets. If thermal denaturation study of this new assembly shows only one 

single melting transition, it is certain that mixing of the CMP nanosheets does happen. 

 As a proof-of-concept experiment, we only conducted this on the 50% 4S(X)535 – 50% 

4S(X)545 assembly. Prior to annealing, it is visible that there are two populations of nanosheets in 

the TEM image (Figure 11A), which is no longer present after annealing (Figure 11B). This is 

consistent with what we have expected. 

 

 

Figure 11. TEM images of (A) mixture of matured 4S(X)535 and 4S(X)545 nanosheets without 

subsequent annealing, and (B) resultant nanosheets after mixing 4S(X)535 and 4S(X)545 

nanosheets in 50:50 ratio and annealing them together (scale bars = 500 nm). 

Thermal denaturation study (Figure 12) also agrees with our speculation, where the 

unannealed sample right after mixing shows two melting transitions, one at 32.1 ℃ 

(corresponding to 4S(X)545) and the other at 37.1 ℃ (corresponding to 4S(X)535). The annealed 

sample, however, has only one transition at 33.5 ℃. 
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Figure 12. First derivatives of the CD signals at 224 nm as a function of temperature. 

 

1.3.5. Summary on the mixing of 4S(X)535 and 4S(X)545 peptides 

The mixing of these two peptides facilitates the formation of mixed nanosheets with 

intermediate properties. Pure 4S(X)545 assembles into nanosheets that are smaller than 4S(X)535 

does, so an increasing amount of 4S(X)545 in the peptide mixture results in decreasing size of the 

mixed nanosheets. Thermal denaturation study shows a single melting transition for each assembly 

suggesting the presence of only one population of nanosheets, hence also implying successful 

mixing. The mixed assemblies possess thermal stability that is intermediate between the two 

single-component systems. Data from fluorescent imaging experiment indicates the colocalization 

of the two fluorophores on the same surface, thus reinforcing the argument on formation of mixed 

nanosheets. However, it remains unclear how the two peptides are distributed in a single nanosheet 

and whether we create a sectored or a perfectly “blended” structure. 
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1.4. Mixing and characterization of 4R(X)444 and 4S(Y)444 nanosheets 

The most interesting feature of this system is the quite different lattice spacings between 

the two peptides, with a lattice mismatch of approximately 9%. Therefore, with this CMP pair, we 

would be able to see whether such a difference in internal structure would still facilitate the mixing 

of the two and the tuning of their properties. Since 4R(X)444 and 4S(Y)444 assemble under the same 

set of conditions, the assembling conditions of the mixed system can follow that of the pure 

components. The mixed assemblies were prepared to a final concentration of 1 mg/mL, thermally 

annealed at 90 ℃  for 15 minutes, slow cooled by 1 ℃ /5 minutes, and incubated at room 

temperature for one week. 

Initially, 4R(X)444 and 4S(Y)444 were mixed and assembled at the same ratios as the 

4S(X)535 - 4S(X)545 system and the assemblies look homogenous until the 50:50 ratio (Figure 13C) 

However, as the percentage of 4R(X)444 lowers to 25%, significantly fewer nanosheets and higher 

level of polydispersity are observed (Figure 13D). The problem worsens at 10% 4R(X)444 – 90% 

4S(Y)444, as the peptides mostly do not assemble (Figure 13E).  
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Figure 13. Resultant nanosheets from mixing of 4R(X)444 and 4S(Y)444 peptides (scale bar = 500 

nm). (A) 90% 4R(X)444 - 10% 4S(Y)444, (B) 75% 4R(X)444 - 25% 4S(Y)444, (C) 50% 4R(X)444 - 

50% 4S(Y)444, (D) 25% 4R(X)444 - 75% 4S(Y)444, and (E) 10% 4R(X)444 - 90% 4S(Y)444. 

Assembled at 1 mg/mL in MOPS buffer (20 mM, pH 7) and incubated at RT for a week. 

Additional experiments on varying the ratios of the two peptides identified 40% 4R(X)444 

– 60% 4S(Y)444 as a threshold concentration in which the nanosheet population remained nearly 

homogenous in lateral dimensions. Therefore, subsequent characterization was done only for 

mixed assemblies ranging from 90% 4R(X)444 down to 40% 4R(X)444 (Figure 14). 

As 4S(Y)444 nanosheets are significantly larger than 4R(X)444 ones, increasing the 

percentage of 4S(Y)444 when mixing results in formation of larger nanosheets, which are noticeable 

by visual examination of TEM images (Figure 14). In addition, as more 4S(Y)444 is doped in, the 

edges of the nanosheets become more jagged. This could be a consequence of incompatible lattice 

packing between 4R(X)444 and 4S(Y)444.  

 
 
Figure 14. Resultant nanosheets from mixing of 4R(X)444 and 4S(Y)444 peptides (scale bar = 500 

nm). (A) 90% 4R(X)444 - 10% 4S(Y)444, (B) 80% 4R(X)444 - 20% 4S(Y)444, (C) 70% 4R(X)444 - 
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30% 4S(Y)444, (D) 60% 4R(X)444 - 40% 4S(Y)444, (E) 50% 4R(X)444 - 50% 4S(Y)444, and (F) 40% 

4R(X)444 - 60% 4S(Y)444. Assembled at 1 mg/mL in MOPS buffer (20 mM, pH 7) and incubated 

at RT for a week. 

 

1.4.1. Size distribution 

As 4S(Y)444 nanosheets are much larger than 4R(X)444, when the percentage of 4S(Y)444 

peptide increases, the averaged diagonal length of the resultant nanosheets also increases (Figure 

15 and Table 4). DLS measurements also help to confirm this change in size.  
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Figure 15. Characterization of 4R(X)444 – 4S(Y)44 mixed nanosheets (A) Diagonal length 

distribution based on TEM (200 counts), (B) DLS spectra, (C) First derivative of the CD signal at 

224 nm as a function of temperature. 

 

1.4.2. Thermal stability 

The first derivative of each circular dichroism (CD) melting curve shows only one melting 

transition (Figure 15C), again suggesting a single population of nanosheets. Interestingly, the 

melting temperatures of those mixed assemblies are lower than both pure 4R(X)444 or 4S(Y)444 

nanosheets (Table 4). This destabilizing effect can be attributed to incompatible lattice packing 

between 4R(X)444 and 4S(Y)444 peptides. Their large lattice mismatch leads to the formation of 

more defective, and hence less thermally stable crystals.  

 

 

 

 

 

 

 

 

 

 

 

 



 26 

Table 4. Characterization of 4R(X)444 – 4S(Y)444 mixed nanosheets 

%4R(X)444 : 

%4S(Y)444 

Diagonal length 

from TEM (nm) 

Diameter from 

DLS (nm) 

Melting 

temperature (℃) 

100:0 222 ± 86 180 54.1 

90:10 277 ± 95 199 54.1 

80:20 339 ± 109 228 53.9 

70:30 411 ± 106 247 53.7 

60:40 455 ± 108 272 52.9 

50:50 588 ± 134 294 51.7 

40:60 601 ± 96 341 51.3 

0:100 N/A N/A 64.4 

 

1.4.3. Atomic force microscopy (AFM) height measurement 

Because these 4R(X)444 - 4S(Y)444 nanosheets are also very small for fluorescence imaging, 

we decided on another strategy utilizing AFM to examine whether the nanosheets are 

multicomponent. 4R(X)444 and 4S(Y)444 are theoretically the same in length, so to differentiate 

them we need to employ streptavidin addition to raise the height of one peptide component. 

Specifically, 5% of biotinylated 4R(X)444 was doped into the 70% 4R(X)444 – 30% 4S(Y)444 

mixture prior to annealing. For the AFM measurements, two samples were prepared, one without 

streptavidin addition (control) and the other with streptavidin. The region where streptavidin is 

present should be approximately 4 nm taller. 
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Figure 16. AFM analysis on 70% 4R(X)444 – 30% 4S(Y)444 resultant nanosheets. (A) control 

sample without streptavidin and height profiles of six nanosheets present, and (B) sample with 

streptavidin addition and height profiles of eight nanosheets present. 

 Nanosheets in the control sample have smooth surfaces (Figure 16A). Their heights are all 

approximately 10 nm, which agrees with the theoretical thickness of 10.3 nm for monolayer 

nanosheets (0.286 nm rise/residue for collagen triple helices).32 

 In the sample with streptavidin addition, the nanosheets are higher overall (Figure 16B). 

The height profiles indicate that their surface is bumpier, with peak heights ranging from 

approximately 12 to 14 nm. In general, thickness of the nanosheets does increase with addition of 

streptavidin, implying that biotinylated peptides are present on all of those assemblies, hence 

suggesting that they are multicomponent. 
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1.4.4. SAXS/WAXS scattering profiles 

 As mentioned earlier, 4R(X)444 and 4S(Y)444 have different lattice spacings, so a 

SAXS/WAXS experiment on the mixed assemblies would give more insight into their underlying 

structure. Samples were prepared at 4 mg/mL in MOPS buffer (20 mM, pH 7). Shown in Figure 

15A are the scattering profiles for the mixed nanosheets along with the pure ones. The presence of 

the Bragg diffraction peaks in the wide-angle region of the curves dictate a high degree of 

crystallinity within the assemblies. The peaks labelled (1) and (1’) are the highest peaks for 

4R(X)444 and 4S(Y)444, respectively, and they correspond to the (010) plane distance in the 

proposed model (Figure 17B). As the percentage of 4R(X)444 lowers, peak (1) broadens and very 

slightly shifts to the left (Figure 17C). The (1’) peak representing 4S(Y)444 starts to emerge at 70% 

4R(X)444 – 30% 4S(Y)444 and becomes more noticeable as the amount of 4S(Y)444 increases. The 

d-spacings calculated from those peaks of the mixed assemblies (Table 5) are the same as pure 

ones. This indicates two possibilities, either there is no mixing, or in a single nanosheet there are 

different single-component domains.  
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Figure 17. Synchrotron SAXS/WAXS analysis on 4R(X)444 – 4S(Y)444 system. (A) Scattering 

profiles, (B) (010) plane distance in the proposed model that correspond to the labelled (1) and (1’) 

peaks, and (C) enlarged diffraction peaks (1) and (1’). 

 

Table 5. Calculated d-spacings of Bragg peaks (1) and (1’) from SAXS 

%4R(X)444 :  

% 4S(Y)444 

d-spacing from 

peak 1 (Å) 

d-spacing from 

peak 1’ (Å) 

100:0 13.4 -- 

90:10 13.5 -- 

80:20 13.5 -- 

70:30 13.5 14.9 

60:40 13.5 15.0 

50:50 13.6 15.0 

0:100 -- 15.0 

  

One point that makes this result questionable is the fact that we used more concentrated 

samples for SAXS experiment (4 mg/mL), whereas for all other experiments the samples were 

only prepared at 1 mg/mL. At the concentration of 1 mg/mL, TEM samples show an increasing 

trend in size (Figure 14), which is not observed for 4 mg/mL samples (Figure 18). The larger, 

stacked nanosheets (Figure 18) are commonly observed for 4R(X)444 when assembled at 

concentrations higher than 1 mg/mL, so it is possible that the concentration of 4 mg/mL is too high 

that it favors the formation of single component nanosheets. Additionally, nanosheets at 1mg/mL 

have more jagged edges (Figure 19), while at 4 mg/mL there are also nanosheets with smooth, 
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well-defined edges that resemble pure systems (Figure 6E, F). The melting curves of the 70% 

4R(X)444 – 30% 4S(Y)444 assembly at 4 mg/mL (Figure 19), for example, has a shoulder which is 

not detected with 1 mg/mL sample. All together this indicates that 4 mg/mL and 1 mg/mL samples 

are incomparable. 

 
 

Figure 18. Resultant nanosheets from mixing of 4R(X)444 and 4S(Y)444 peptides at 4 mg/mL (scale 

bars = 500 nm). (A) 90% 4R(X)444 - 10% 4S(Y)444, (B) 80% 4R(X)444 - 20% 4S(Y)444, (C) 70% 

4R(X)444 - 30% 4S(Y)444, (D) 60% 4R(X)444 - 40% 4S(Y)444, and (E) 50% 4R(X)444 - 50% 4S(Y)444. 
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Figure 19. TEM images and melting curves of resultant nanosheets from 70% 4R(X)444 - 30% 

4S(Y)444 assembled at (A) 1 mg/mL, and (B) 4 mg/mL. 

 

1.4.5. Summary on the mixing of 4R(X)444 and 4S(Y)444 peptides 

Since 4S(Y)444 forms larger pure nanosheets than 4R(X)444, the nanosheets from their 

mixed assemblies appear larger in size with higher percentage of 4S(Y)444 in presence. Similar to 

the 4S(X)535 – 4S(X)545 series, only a single melting transition is observed for each mixed assembly. 

However, it is interesting that their melting temperatures are lower than those of pure 4R(X)444 and 

4S(Y)444 nanosheets, possibly due to lattice mismatch leading to less stable packing. Results from 

AFM measurements also provide evidence that there are two different types of CMPs on the same 

surface. The presence of both 4R(X)444 and 4S(Y)444 peaks in SAXS scattering profiles suggests 

two possibilities, either there is no mixing, or in a nanosheet there are separate single-component 

domains. However, the data from SAXS/WAXS experiment is still questionable due to the 

assembling concentration that is different from that of all other experiments. 
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1.5. Conclusion 

In conclusion, our results from TEM, DLS, CD thermal denaturation, fluorescence imaging, 

and AFM all support the hypothesis that it is possible to construct multicomponent nanosheets by 

co-annealing a mixture of different peptide components. However, the lattice mismatch between 

CMPs should be taken into consideration, as it can result in incompatible packing. 4R(X)444 and 

4S(Y)444 have a lattice mismatch of approximately 9% and their mixing does not happen after the 

amount of 4S(Y)444 peptide reaches a certain point. This implies that our scheme for construction 

of multicomponent nanosheets may have a lower tolerance for lattice mismatch as compared to 

the core-shell nanosheets, which employ a heteroepitaxial growth scheme. 

In addition to the successful formation of mixed nanosheets with intermediate properties, 

it is also possible to fine-tune the lateral dimensions and thermal stability of the resultant 

assemblies by varying the mixing ratios. Our eventual goal is to construct multicomponent 

“blended” nanosheets with tunable properties. So far, we have been able to accomplish 

multicomponent and tunability. However, it is still ambiguous whether the two CMPs are randomly 

distributed in a single nanosheet to form a so-called “blended” structure. In the next chapter, we 

will continue to address this question on the study of another mixed system, 4S(X)444 – 4S(X)454. 
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1.6. Experimental methods 

Peptide synthesis and purification 

Peptides were prepared using microwave-assisted synthesis on a CEM Liberty Blue 

automated microwave peptide synthesizer and Fmoc-Gly-HMP-Tentagel resin. Standard Fmoc 

protection chemistry was employed with coupling cycles based on DIC/Oxyma-mediated 

activation protocols and based-induced deprotection (20% piperidine in DMF) of the Fmoc group. 

For the biotinylated and azido-modified peptides, biotin-PEG2-acid and azido-PEG5-acid were 

used to cap the N-terminus of the peptide while it was stilled attached to the resin (no final 

deprotection step). After coupling, the DMF/resin mixture was filtered and rinsed with acetone and 

then air-dried. The crude peptides were cleaved for 3 hours with a cleavage solution consisting of 

92.5% TFA/ 2.5% H2O/ 2.5% DODT/ 2.5% TIS (TFA = trifluoroacetic acid, DODT = 3,6-Dioxa-

1,8-octane-dithiol, TIS = Triisopropylsilane). After filtration, the crude peptide product in TFA was 

precipitated with cold ethanol and centrifuged at 4  ℃. The supernatants were discarded, and the 

pellets were dried under vacuum overnight. 

Crude peptides were purified using a Shimadzu LC-20AP reverse-phase high-performance 

liquid chromatography (HPLC) instrument equipped with a preparative scale C18 column. 

Peptides were eluted with a linear gradient of water-acetonitrile with 0.1% TFA. The target 

fractions were collected and lyophilized. The lyophilized peptide was repurified via HPLC under 

the same protocol described above and lyophilized. Doubly pure peptides were dialyzed against 

HPLC-grade H2O to remove residual TFA (MWCO = 2000 Da). The resulting peptide solutions 

were lyophilized and stored at -30  ℃. 
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Nanosheet assembly experiment 

Annealing experiments were conducted using a BioRad T-100 thermal cycler. The 

annealing protocol consisted of heating peptide solutions to 90 ℃ for 15 min, followed by slow 

cooling to either 25 or 4 ℃ (1 ℃/5 min rate). To assemble the nanosheets, each pure peptide was 

dissolved in 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (pH 7.0) to a final 

concentration of 4 mg/mL(4S(X)535 – 4S(X)545 series), or 1 mg/mL (4R(X)444 – 4S(Y)444 series). 

Single component nanosheets were assembled by annealing each pure peptide solution separately. 

The mixed assemblies were conducted by mixing the two peptide solutions in designated volume 

ratios such that the final mixture concentration remained the same. 

 

Transmission electron microscopy 

TEM specimens were prepared by briefly mixing 2.5 𝜇L of peptide nanosheet solution with 

2.5 𝜇L of aqueous uranyl acetate stain solution (1%) directly on a 200-mesh carbon coated copper 

grid from Electron Microscopy Services. After 30 s, the excess liquid was wicked away and the 

grids were air-dried. Electron micrographs were recorded on a Hitachi HT-7700 TEM with a 

tungsten filament and AMT CCD camera at an accelerating voltage of 80 kV. 

 

Circular dichroism spectropolarimetry 

CD measurements were conducted on a Jasco-1500 CD spectropolarimeter. These spectra 

were recorded and averaged from 260 to 190 nm at a scanning rate of 100 nm/min and a bandwidth 

of 2 nm. CD melting experiments were conducted with a 0.1 mm path length cuvette, in the 

temperature range from 5 to 85 ℃ at a heating rate of 20 ℃/h. The intensity of the CD signal at 

224 nm was monitored as a function of temperature.  
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Dynamic light scattering 

DLS data were collected with a NanoPlus DLS nano particle size analyzer instrument. 

Three DLS measurements were obtained and averaged on aqueous solutions of CMP nanosheets 

at 20 ℃.  

 

Atomic force microscopy 

AFM images were collected with an Asylum MFP-3D atomic force microscope using 

tapping mode. Images were obtained using ultrasharp AFM tips with a force constant of 5 N/m 

and a resonance frequency of 150 kHz (Budget Sensors, SHR-150). Images were collected at a 

scanning rate of 1 Hz. Samples were prepared by drop-casting 15 𝜇L of peptide nanosheet solution 

onto freshly cleaved mica. After 5 min, the solution was wicked away and washed once with 30 

𝜇L of HPLC-grade H2O. 

 

Fluorescence labelling of the nanosheets 

Peptide mixture was prepared from 85.5% 4S(X)535/ 4.5% b-4S(X)535/ 7.5% 4S(X)545/2.5 % 

N3-4S(X)545. The sample was then annealed and incubated for two weeks at 4 ℃. Subsequently, 

Cy3B-DBCO (0.5 𝜇L, 1 mg/mL solution in water) and streptavidin (1 𝜇L, 1 mg/mL solution in 

water) were added to a 20 𝜇L solution of nanosheets. The mixture was incubated for 1 h at room 

temperature in the dark and then biotin-GFP (1 𝜇L, 1 mg/mL) was added. The solution was placed 

in the refrigerator overnight (4 ℃). The next day, the solution was centrifuged at 3000 g for 10 

min. The supernatant was removed and replaced with fresh 20 mM MOPS buffer (pH 7.0), and the 

sample was vortex mixed. 
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Fluorescence optical microscopy 

The Nikon Eclipse Ti microscope was equipped with an Intensilight epifluorescence source, 

a CFI Apo 100X NA 1.49 objective, and a TIRF launcher with three laser lines: 488 nm (10 mW), 

561 nm (50 mW), and 638 nm (20 mW). All reported experiments were performed using the Quad 

Cube (cat. #97327) and TRITC (cat. # 96321) filter cube set supplied by Chroma. 

Experiments were conducted using no. 1.5 glass slides (25 x 75 mm) that were cleaned by 

sonication in Milli-Q (18.2 MΩ/cm) water for 15 min, followed by a second sonication in 200 

proof ethanol for 15 min, and then dried under a stream of N2. The slides were etched with piranha 

solution (Caution: since Piranha solution (H2SO4/30% H2O2, 7:3) reacts violently with many 

organic compounds, extreme care must be taken when handling it) for 30 min to remove residual 

organic material and activate hydroxyl groups on the surface. The cleaned substrates were rinsed 

with Milli-Q water in a 200 mL beaker at least six times and further washed with ethanol three 

times. Slides were then transferred to a 200 mL beaker containing 2% (3-

aminopropyl)triethoxysilane (APTES) in ethanol for 1 h and then washed with ethanol three times 

and thermally cured in an oven (~ 110 ℃) for 1- min, The APTES-functionalized slides were 

mounted to a custom-made 30-well microfluidic chamber fabricated from Delrin (McMasterCarr, 

cat. #8573K15). The nanosheet solution was added (10 𝜇L) to the well and was immediately 

subjected to a wash (3 x 100 𝜇L) with 20 mM MOPS buffer (pH 7.0). Assembly location was 

determined using RICM imaging. After focusing using RICM, wide-field epifluorescence 

micrographs were acquired. 
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Small-angle/Wide-angle X-ray scattering measurements.  

Synchrotron SAXS/WAXS measurements were performed at the 12-ID-B beamline of the 

Advanced Photon Source at Argonne National Laboratory. The sample-to-detector distances were 

set such that the overall scattering momentum transfer, q, range was achieved from 0.005 to 0.9 

Å!" , where q = 4𝜋 sin 𝜃/𝜆, with 2	𝜃  denoting the scattering angle and 𝜆 denoting the X-ray 

wavelength. The wavelength was set at 0.9322 Å  during the measurements. Scattered X-ray 

intensities were measured using a Pilatus 2 M (DECTRIS Ltd.) detector. Measurements were 

conducted on aqueous solutions of CMP nanosheets at a concentration of 4 mg/mL in 20 mM 

MOPS buffer (pH 7.0) at 5 oC. A quartz capillary flow cell (1.5 mm diameter) was employed to 

prevent radiation damage. The 2D scattering images were converted to 1D scattering curves 

through azimuthal averaging after solid angle correction and then normalizing with the intensity 

of the transmitted X-ray beam using the software package at beamline 12-ID-B. The 1D curves of 

the samples were averaged and subtracted with the background measured from the corresponding 

buffers.  
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Chapter 2. Structurally and dimensionally defined multicomponent 

blended nanosheets from self-assembly of collagen-mimetic peptides 
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2. 1. Introduction 

In the previous chapter, we presented our work on the mixed assemblies of two CMP pairs, 

4S(X)535 – 4S(X)545 and 4R(X)444 and 4S(Y)444. Our results support the hypothesis that by mixing 

and co-annealing two different CMPs, we are able to create multicomponent nanosheets of 

intermediate properties between the two single-component systems. Furthermore, varying the 

ratios between two peptides in the mixture solution will allow for fine-tuning the properties of the 

resultant nanosheets (i.e., lateral dimensions and thermal stability). However, the remaining 

question is whether the mixed nanosheet is “blended” such that the two CMPs are randomly 

distributed across the nanosheet structure. We previously tried to employ fluorescent microscopy 

and SAXS/WAXS experiments to gain more insight into the internal structures of the assemblies. 

However, both CMP pairs studied form mixed nanosheets that are too small for fluorescent 

imaging at a good resolution. Moreover, 4S(X)535 and 4S(X)545 are too similar in structure so they 

are indiscernible under SAXS/WAXS, while 4R(X)444 and 4S(Y)444 encounter a concentration 
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problem that makes the interpretation of SAXS data ambiguous. Therefore, our aim is to construct 

another series of mixed nanosheets that are (1) compatible in lattice packing parameters to avoid 

destabilization like in the case of 4R(X)444 - 4S(Y)444, and (2) larger in dimensions than 4S(X)535 

– 4S(X)545 nanosheets and hence more suitable for fluorescent imaging. In addition, we plan to 

utilize high-resolution cryo-TEM imaging to probe the lattice structure in further details. Shown 

below are the two chosen CMPs and their sequences. 

 

4S(X)444    (amp-Hyp-Gly)4 – (Pro-Hyp-Gly)4 – (Pro-Glu-Gly)4 
4S(X)454    (amp-Hyp-Gly)4 – (Pro-Hyp-Gly)5 – (Pro-Glu-Gly)4 

 

These two peptides meet our criteria as they are significantly different in size and melting 

temperature (Figure 1). 4S(X)454 is longer than 4S(X)444 by only one triad, so the electrostatic 

interaction between two CMP triple helices should still be sufficient to promote cohesion. 

Furthermore, a lattice mismatch of around 3% is expected to still be acceptable for compatible 

packing of the two CMPs. However, unlike the previous systems where the two CMPs in a pair 

assemble under the same temperature, pure 4S(X)444 is incubated at 4 ℃ while 4S(X)454 is at RT. 

Results from our previous paper1 suggested that the assembly temperature could have a significant 

influence on the optimal conditions for nanosheet formation, probably due to its effect on triple 

helix stability. Therefore, in case of the 4S(X)444 – 4S(X)454 pair where each CMP assembles at a 

different temperature, it is critical to determine under which condition their mixtures would be the 

most well-behaved. Our ideal condition should facilitate the formation of a homogenous 

population of nanosheets with sharp and well-defined edges. 
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Figure 1. Properties of pure 4S(X)444 and 4S(X)454 nanosheets. TEM images of (A) 4S(X)444 and 

(B) 4S(X)454 nanosheets (scale bar = 500 nm). Previously solved models for the assemblies of (C) 

4S(X)444 and (D) 4S(X)454, adapted from Merg et al1. (E) Diagonal length and melting temperatures 

of pure 4S(X)444 and 4S(X)454 nanosheets. 

 

2.2. Identifying a suitable temperature for incubating the mixed assemblies 

The two peptides are mixed in three ratios: 75% 4S(X)444 – 25% 4S(X)454, 50% 4S(X)444 – 

50% 4S(X)454, and 25% 4S(X)444 – 50% 4S(X)454 to a final concentration of 4 mg/mL. The mixture 

solutions are then thermally annealed at 90 ℃ for 15 minutes, slow cooled by 1 ℃/5 minutes, and 

incubated at 4 ℃ , 15 ℃ or RT for two weeks prior to characterization. Since pure 4S(X)454 forms 

smaller nanosheets (Figure 1), the size of the mixed assemblies decreases with higher percentage 



 46 

of 4S(X)454 in the solution mixture (Figure 2, Table S1). However, at 4 ℃, a fair number of the 75% 

4S(X)444 – 25% 4S(X)454 nanosheets start to dissociate after two weeks. In addition, the mixture at 

25% 4S(X)444 – 75% 4S(X)454 forms nanosheets with irregular edges. This effect is even more 

prominent at 10% 4S(X)444 – 90% 4S(X)454 (Figure S1). The reason could be that the nanosheets 

at these two ratios resemble the behavior of pure 4S(X)454, whose optimal temperature is RT. The 

rapid cooling to 4 ℃  probably misses the crystallization point, causing the triple helices not having 

enough time to pack into more ordered structures. 

Adjusting the incubation temperature to RT indeed helps to regain the formation of well-

defined nanosheets at 25% 4S(X)444 – 75% 4S(X)454 (Figure 2). However, the nanosheets at 75% 

4S(X)444 – 25% 4S(X)454 now become more polydisperse in size (Table S1). This might have 

happened because at this temperature, the assembly nucleation rate is competitive with elongation 

rate and results in high polydispersity.  
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Figure 2. Mixed assemblies between 4S(X)444 and 4S(X)454 peptides when incubated at either 4 

℃  or RT (scale bars = 1 𝜇m). 

After testing out the mixed assemblies at 15 ℃, it turns out that this incubation temperature 

is optimal for the formation of mixed nanosheets that are more stable and homogenous in size 

(Figure 3). Therefore, our subsequent studies are carried out on assemblies at this condition. 

 

2.3. Characterization of 4S(X)444 – 4S(X)454 blended nanosheets assembled at 15 ℃ 

It should be noted that at 15 ℃, pure 4S(X)454 still assembles into nanosheets with jagged 

edges (Figure S2), which is evidence of reduced crystallinity. We still performed thermal 

denaturation study (Figure S3) and SAXS/WAXS experiment on those nanosheets. However, their 

undefined edges interfere with size measurement and hence their diagonal length is not reported. 

 

2.3.1. Size distribution 

 The 4S(X)444 – 4S(X)454 peptide mixtures assemble into well-defined nanosheets of 

homogenous size at 15 ℃ (Figure 3, Table 1). It is interesting to note that even the pure 4S(X)444 

peptide, previously found to assemble at 4 ℃, still assembles at 15 ℃. The nanosheets at 15 ℃ (Ld 

= 1069 ± 175 nm) appear slightly larger and more variable in size than those at 4 ℃ (Ld = 953 ± 

72 nm). Despite the irregular shapes, pure 4S(X)454 nanosheets are still smaller than 4S(X)444 ones. 

Therefore, increasing the percentage of 4S(X)454 peptide in the mixture still results in a decrease 

in size of the assemblies (Figure 3A, B, Table 1).  
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Figure 3. Characterization of the 4S(X)444 – 4S(X)454 pure and mixed nanosheets, assembled at 15 

℃. (A) TEM images (scale bar = 1 𝜇m), (B) Diagonal length distribution of the nanosheets based 

on TEM (100 counts each), (C) First derivative of the CD signal at 224 nm as a function of 

temperature, (D) AFM images (scale bar = 1	𝜇m), (E) Height profile across center of the boxed 

nanosheet in (D). 
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Table 1. Characterization of 4S(X)535 – 4S(X)545 mixed nanosheets. Size measurement for 100% 

4S(X)545 nanosheets is not available due to their undefined edges. The sheet thickness of pure 

4S(X)454 is measured from assembly at RT (Figure S4).  

 

%4S(X)444 : 

%4S(X)454 

Diagonal length 

from TEM (nm) 

Melting 

temperature (℃) 

Sheet thickness 

(nm) 

100:0 1069 ± 175 40.6 9.9 ± 0.4 

75:25 865 ± 107 38.4 10.9 ± 0.4 

50:50 581 ± 145 37.8 11.6 ± 0.3 

25:75 447 ± 104 36.2 12.2 ± 0.4 

0:100 Undefined edges 36.0 12.2 ± 0.5 

 

In addition to measurement from TEM images, dynamic light scattering (DLS) was also 

employed for obtaining size distribution. Even though 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. DLS measurements also agree with the 

overall decreasing trend in size of the nanosheets with more 4S(X)454 present (Figure S5). 

 

2.3.2. Thermal stability  

The first derivative of each melting curve shows a single melting transition (Figure 3C), 

suggesting the presence of only one population of nanosheets, hence implying formation of mixed 

nanosheets. As pure 4S(X)444 sheets at 15 ℃ are larger than at 4 ℃, they also melt at a higher 



 50 

temperature (Tm increases by approximately 6 ℃). In the case of pure 4S(X)454, the reduction in 

crystallinity results in less thermally stable assemblies than at RT (Tm decreases by approximately 

14 ℃). Nevertheless, the melting transitions of the mixed nanosheets still fall in the range between 

those of pure ones and gradually decrease with more 4S(X)454 present. 

 

2.3.3. AFM height measurement  

The theoretical thicknesses for monolayer nanosheets of 4S(X)444 and 4S(X)454 are 10.3 nm 

and 11.2 nm, respectively (0.286 nm rise/residue).32 AFM analysis of the nanosheets reveal 

average sheet thicknesses that are in this range. Since the difference in height between 4S(X)454 

and 4S(X)444 (approximately 0.9 nm) is not much larger than the standard deviations of the 

measurements, it is uncertain to say the spikes in the height traces represent areas where the taller 

4S(X)454 is detected. Nevertheless, the fluctuations in the height profiles appear to be random 

rather than following a specific pattern, so there should be no large single-component domain 

present here like in the case of the core-shell assembly. 

The average thickness of the nanosheets reveals a gradual increase with more 4S(X)454 

mixed in (Table 1). This observation agrees with our SAXS data (Figure 5). These results imply 

that thickness of the nanosheet is another tunable property. 

 

2.3.4. Fluorescent imaging 

 Due to the size limitation of fluorescent imaging, this experiment was only conducted on 

the 75% 4S(X)444 – 25% 4S(X)454 nanosheets. A solution mixture of 4S(X)444, 4S(X)454, N-

terminal-modified azido and biotin derivatives (N3-4S(X)444 and b-4S(X)454) is annealed to form 

mixed nanosheets. Subsequently, the assemblies were incubated with streptavidin-tagged Cy3B 
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and DBCO-tagged AF647. After removal of excess dye, fluorescent optical microscopy 

experiments confirm the colocalization of both fluorophores on a single nanosheet (Figure 4, 

Figure S6). 

 

Figure 4. Fluorescent imaging experiment on 75% 4S(X)444 – 25% 4S(X)454 nanosheets. (A) 

Scheme detailing the site-specific attachment of Cy3B-SA and AF647-DBCO onto the nanosheets. 

(B) Fluorescence optical micrographs of 75% 4S(X)444 – 25% 4S(X)454 nanosheets labelled with 

AF647 and Cy3B at different emission wavelengths. The merged channel reveals the 

colocalization of the two fluorophores. (C) Overlapping of Cy3B and AF-647 signals across a 

single nanosheet. 

 The fluorescent micrographs show no segregation of the two fluorophores to different areas 

of the nanosheet. The overlapping signal of the two fluorophores (Figure 20C) implies that they 

are in close proximity. This observation, along with AFM results, implies that the nanosheets may 

be blended rather than sectored. However, due to the limited resolution, we are still unclear how 

close the two fluorophores, hence the two CMPs, are to each other. 
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2.3.5. SAXS/WAXS scattering profiles 

The scattering curves of all assembly solutions verify a similar underlying structure (Figure 

5A). Form-factor scattering intensities in the low-q region (𝑞 < 	0.02	Å!") roughly follow a 𝑞!# 

power law, indicating sheetlike morphology for all CMP nanosheets. Fitting the low-q data using 

the Guinier equation for sheetlike forms returns average sheet thicknesses that are consistent with 

AFM and theoretical height calculations (Figure 5C, Figure S7). The calculated thickness also 

gradually increases with a higher percentage of 4S(X)454 peptide in the mixture. The oscillations 

in the q range of ~0.04 − 0.2	Å!" arise from the thickness of the nanosheets, and its attenuation 

reflects the variation in sheet thickness.1-3 

 

Figure 5. Synchrotron SAXS/WAXS analysis on 4S(X)444 – 4S(X)454 system. (A) Scattering 

profiles of 4S(X)444, 4S(X)454 and their mixed assemblies, (B) Assembly model of the nanosheets 

(C) Corresponding d-spacing values associated with peaks (1) and (2), and thickness of the 

assemblies generated from Guinier plots. 



 53 

The presence of Bragg diffraction peaks in the high q region of the intensity plot indicate 

a high degree of crystallinity within the assemblies. All nanosheet samples have two Bragg peaks, 

except for the 100% 4S(X)454 with only one peak, again suggesting less ordered packing of 

4S(X)454 at 15℃ .  For all ratios, the calculated d-spacing for peak (1) is roughly equal to 

√2	×	peak (2), indicating that the tetragonal lattice is preserved in all assemblies. Interestingly, 

the d-spacings for 100% 4S(X)444 nanosheets obtained here are different from our previous results.1 

This can be attributed to the nanosheets now being assembled at 15℃ instead of at 4 ℃. Moreover, 

the calculated d-spacings are similar across all assemblies. In our earlier study on nanotubes, we 

found that SAXS measurement is limited in distinguishing heterogeneity that arises from the 

presence of closely related structural polymorphs33 and that could also be the case here. Therefore, 

we will need to utilize cryo-TEM for a more reliable structural analysis. 

 

2.3.6. High-resolution cryo-TEM analysis 

 Cryo-TEM with direct electron detection was employed on 50% 4S(X)444 – 50% 4S(X)454 

nanosheets to study their internal structure in further details. High-resolution images confirm the 

ordered tetragonal packing of individual triple helices within the nanosheet assembly (Figure S8). 

 Previously in the construction of the multicomponent core-shell nanosheets, fast Fourier 

transform (FFT) analysis of cryo-TEM images confirmed the presence of two distinct crystal 

lattices as evidenced by two separate sets of Bragg spots (Figure S9). Selected area FFTs of the 

shell and core regions were analyzed and found that both the core and shell maintain their own 

intrinsic lattices (Figure 6). 
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Figure 6. Cryo-TEM analysis of a core-shell nanosheet, adapted from Merg et al.3 (a) Cryo-TEM 

image of a nanosheet with 4R(X)444 core and 4S(X)444 shell. (b) Enlarged image revealing 

tetragonal lattice packing. (c) Moiré evaluation applied to the nanosheet to visualize the core and 

shell sectors. FFT analysis of (d) 4S(X)444 shell and (e) 4R(X)444 core. Proposed packing model of 

(f) 4S(X)444 shell and (g) 4R(X)444 core. 

 Similar to the previous study of core-shell assembly, FFT analysis can also be employed to 

study the presence of 2D lattices in the mixed nanosheets (Figure 7). A 4-fold rotational symmetry 

confirms the tetragonal lattice of the assembly. FFT of the nanosheets yield bright spots that extend 

to a resolution of ~6.1 Å (Figure S10). This resolution is lower than those of single-component 

nanosheets,1 implying that the mixed assemblies are less ordered.  

FFT analysis of the 50% 4S(X)444 – 50% 4S(X)454 nanosheet returns double-peak pattern 

of the spots (Figure 7). The measured distances of 14.1 – 14.3 Å and 9.9 – 10 Å should correspond 

to (010) and (111) plane distances in the model, respectively. The ~20 Å spots are double of the 10 

Å spots, so that could be another array of the triple helices in the direction of the (111) plane. 

Intriguingly, there is another set of spots at ~16 Å. The same phenomenon is observed when FFT 

is taken for a selected area on the nanosheet (Figure 7C). 
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Figure 7. High-resolution cryo-TEM of a 50% 4S(X)444 – 50% 4S(X)454 and its corresponding 

FFT analysis. (A) Cryo-TEM image, (B) FFT of the whole nanosheet with measured d-spacings, 

(C) FFT of the boxed area in (A). 

 To determine whether the presence of double peaks in the FFT is consistent across the 

whole nanosheet, we utilized an in-house script to randomly sample patches of size 301 x 301 

pixels (~ 33 x 33 nm) on the cryo-TEM micrographs (Figure 8). FFT was then computed for each 

patch. Subsequently, the distance from the center of the power spectrum to the peaks can be 

calculated. The angle between any two vectors from the center to a peak was also found. The angle 

and distance were later used by a tree-based classification method to classify the FFTs into different 

classes (Figure 8B, S11). A point to remember is that since classification was first done based on 

the angle then again on the distance, double classification of a single patch could have happened. 
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In other words, sometimes patches from two classes are not essentially different, considering how 

similar their average FFTs are to each other (Figure S11, class 2 and 3). Nevertheless, a clear 

double-peak pattern is again observed even at this small patch size. The resemblance between the 

FFT of ~33 nm x 33 nm patches and FFT of the whole nanosheet (Ld = 581 ± 145 nm) indicates 

that the mixing pattern between two CMPs stays consistent down to ~ 33-nm scale. There is no 

large single-component patch detected, and the mixed nanosheets should be blended as expected 

by our hypothesis. Out of the 66 nanosheets analyzed, 82% displayed the a similar double-peak 

pattern in their corresponding FFTs (Figure S12, S32, S14). 

Interestingly, the double-peak pattern only shows up in the 45o direction (Figure 8C). This 

implies that there could be some types of stress in the crystal structure that is only specific to that 

direction, which should correspond to the (111) plane distance in the assembly model (Figure 8D). 

 

Figure 8. FFT analysis of patches sampled from a cryo-TEM micrograph. (A) Cryo-TEM image, 

where the boxed area marks the location of the nanosheet. (B) Patches that are classified into 

different classes. Class 2 and 3 are positioned on the nanosheet (C) Averaged patch FFT from class 
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2 showing double-peak pattern in the 45o direction, which corresponds to d-spacing (2) in the 

assembly model in (D). 

 Looking more closely at the arrangement of individual triple helices in a nanosheet, we can 

identify some stressed areas where the triple-helical rows are bending (Figure 9). Although it seems 

that these distortions are more common in one direction, because of the limited resolution of the 

image, it is uncertain whether that is the only direction where stress can be found.  

 

Figure 9. Stressed areas in the tetragonal lattice of CMP triple helices, as defined by the bending 

of the triple-helical rows. (A) Cryo-TEM image showing the arrangement of individual triple 

helices, dashed boxes indicate stressed areas. Enlarged image of (B) stress area marked by green 

box and (C) stressed area marked by yellow box. 
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 In the previous study on core-shell structure, stress was also commonly observed at the 

core-shell interface to alleviate elastic strain associated with the lattice mismatch between two 

peptides. As a result, FFTs of the 4S(X)444 shell collected at positions bordering the 4R(X)444 core 

revealed a greater degree of disorder, as defined by a lack of sharpness of Bragg spots, as compared 

to FFTs of the shell region further away (Figure 10). However, these stresses did not give rise to 

an additional peak in the FFT like what is detected in the 4S(X)444 – 4S(X)454 mixed nanosheets. 

 

Figure 10. FFTs of different regions within the shell sector of the 4R(X)444@4S(X)444 nanosheet. 

White dashed box indicates the location of the core sector. Adapted from Merg et al.3 
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 In the core-shell structure, the 4R(X)444 core was pre-assembled and used as the template 

for heteroepitaxial growth of 4S(X)444 shell. On the other hand, our mixed assemblies involve the 

mixing of unassembled 4S(X)444 and 4S(X)454 peptide solutions and annealing them together. This 

should allow for random association of the two CMP triple helices to pack into the 2D tetragonal 

lattice. Since the lattice mismatch between 4S(X)444 and 4S(X)454 is ~3%, similar to the mismatch 

between 4R(X)444 and 4S(X)444, it is expected that there would also be defects in the 4S(X)444 - 

4S(X)454 crystal to alleviate the elastic strain. In the cryo-TEM images of 50% 4S(X)444 – 50% 

4S(X)454 mixed nanosheets, FFTs of such a small patch size of ~33 nm x 33 nm still exhibit the 

double-peak pattern. This implies that the stress in the lattice could have become a regular factor. 

Instead of maintaining their own internal structures like in the core-shell construct, the two CMP 

triple helices probably assemble into a slightly distorted tetragonal lattice that is different from the 

lattices of the individual CMPs. A possibility is that the distance between two adjacent triple 

helices stays consistent, but the spacing between every other triple helix in the (111) plane can 

vary (Figure 11). 
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Figure 11. A possible model for the arrangement of CMP triple helices in the 4S(X)444 – 4S(X)454 

mixed nanosheets. d-spacings (1) and (2) are consistent across the structure, but (3a) and (3b) can 

be different from each other. 

 

2.4. Conclusion and outlook 

 In conclusion, we present a general strategy for the controlled fabrication of two-

component 2D nanosheets, which comprises the simple mixing and co-annealing of two CMPs 

with compatible lattice parameters. The properties of the resultant nanosheets including lateral 

dimensions, thickness, and thermal stability are tunable by varying the mixing ratios between the 

two peptides. The underlying lattice for these mixed assemblies is different from what was 

observed for our previous multicomponent, core-shell nanosheets. Instead of forming single-

component domains and maintaining their intrinsic lattices, the two CMPs are associating and 

randomly distributed across the whole structure. The lattice distortions arising from lattice 

mismatch between two CMPs seem to follow a specific pattern that is reflected in the FFT analysis. 

 A possible explanation for the presence of double-peak pattern in the FFTs is the formation 

of a slightly distorted tetragonal lattice that is distinct from the lattices of single-component 

systems. It would be helpful if we could improve the quality of cryo-TEM micrographs for better 

visualization of the stress in the crystal, hence confirming whether the lattice distortions indeed 

follow a pattern. Furthermore, it would be interesting to model different arrangements of the 2D 

lattice to see if the FFT pattern can be replicated. If the crystal defects are predictable and 

programmable, that would represent an advanced structural control of 2D assemblies.  
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2.5. Supplementary figures 

Table S1. Diagonal length measured for 4S(X)444 – 4S(X)454 nanosheets assembled at 4 ℃  and at 

RT 

 

 

Figure S1. TEM image of 10% 4S(X)444 – 90% 4S(X)454 nanosheet assembled at 4 mg/mL, 

incubated at 4 ℃ 
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Figure S2.TEM image of pure 4S(X)454 nanosheets assembled at 4 mg/mL, incubated at 15 ℃. 

 

 

Figure S3. First derivative of the CD signal at 224 nm as a function of temperature for pure 

4S(X)454 nanosheets assembled at 4 mg/mL, incubated at 15 ℃. 
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Figure S4. AFM image of 4S(X)454 nanosheets assembled at RT 

 

 

 

Figure S5. DLS measurements for 4S(X)444 – 4S(X)454 mixed assemblies assembled at 15 ℃. The 

average peak measured for 100% 4S(X)444 sheets is 697 nm, for 75% 4S(X)444 – 25% 4S(X)454 is 

510 nm, for 50% 4S(X)444 – 50% 4S(X)454 is 327 nm, for 25% 4S(X)444 – 75% 4S(X)454 is 278 nm, 

and for 100% 4S(X)444 is 278 nm. 
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Figure S6. Fluorescence optical micrographs of 75% 4S(X)444 – 25% 4S(X)454 nanosheets labelled 

with AF647 and Cy3B at different emission wavelengths. The expanded view of the boxed section 

in the merged channel is presented in Figure 4. 
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Figure S7. Modified Guinier plot with fit for sheet-like forms. Nanosheets are assembled from (A) 

100% 4S(X)444, (B) 75% 4S(X)444 – 25% 4S(X)454, (C) 50% 4S(X)444 – 50% 4S(X)454, (D) 25% 

4S(X)444 – 75% 4S(X)454, (E) 100% 4S(X)454 

 

 

Figure S8. (A) Cryo-TEM image of a 50% 4S(X)444 – 50% 4S(X)454 nanosheet, (B) Enlarged 

image of the nanosheet reveals tetragonal arrangement of CMP triple helices 
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Figure S9. FFT of a multicomponent core-shell nanosheet. Two sets of Bragg spots are observed 

indicating the presence of two unique crystal lattices. Adapted from Merg et al.3 
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Figure S10. FFT of the nanosheet in Figure 23, with Bragg spots that extend to a resolution of 6.1 

Å. 
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Figure S11. Averaged FFT from all classes found on the cryo-TEM image from figure 24. 

 

 

 Double-peak Single-peak Multiple sheets Uncertain Total 

# Images 54 12 4 35 105 

Percent 82% 18%    

 

Figure S12. Analysis of the FFTs of all nanosheets collected from cryo-TEM. “Double-peak” 

refers to images with patch FFT showing two set of Bragg spots, while “single-peak” has only one 

set. “Multiple sheets” refers to the presence of two or more nanosheets in a single image. 
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“Uncertain” refers to images where the resolution is not good enough to obtain well-resolved FFT 

pattern. 

 

 

Figure S13. Cryo-TEM image of another 50% 4S(X)444 – 50% 4S(X)454 mixed sheet and its 

classification result. Class 1 and 2 represent patches in the region of the nanosheet. 
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Figure S14. Corresponding FFTs to the classes in Figure S12. Class 1 and 2 represent the patches 

in the area of the nanosheet and both display the double-peak pattern.  
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2.6. Experimental methods 

Peptide synthesis and purification 

Peptides were prepared using microwave-assisted synthesis on a CEM Liberty Blue 

automated microwave peptide synthesizer and Fmoc-Gly-HMP-Tentagel resin. Standard Fmoc 

protection chemistry was employed with coupling cycles based on DIC/Oxyma-mediated 

activation protocols and based-induced deprotection (20% piperidine in DMF) of the Fmoc group. 

For the biotinylated and azido-modified peptides, biotin-PEG2-acid and azido-PEG5-acid were 

used to cap the N-terminus of the peptide while it was stilled attached to the resin (no final 

deprotection step). After coupling, the DMF/resin mixture was filtered and rinsed with acetone and 

then air-dried. The crude peptides were cleaved for 3 hours with a cleavage solution consisting of 

92.5% TFA/ 2.5% H2O/ 2.5% DODT/ 2.5% TIS (TFA = trifluoroacetic acid, DODT = 3,6-Dioxa-

1,8-octane-dithiol, TIS = Triisopropylsilane). After filtration, the crude peptide product in TFA was 

precipitated with cold ethanol and centrifuged at 4  ℃. The supernatants were discarded, and the 

pellets were dried under vacuum overnight. 

Crude peptides were purified using a Shimadzu LC-20AP reverse-phase high-performance 

liquid chromatography (HPLC) instrument equipped with a preparative scale C18 column. 

Peptides were eluted with a linear gradient of water-acetonitrile with 0.1% TFA. The target 

fractions were collected and lyophilized. The lyophilized peptide was repurified via HPLC under 

the same protocol described above and lyophilized. Doubly pure peptides were dialyzed against 

HPLC-grade H2O to remove residual TFA (MWCO = 2000 Da). The resulting peptide solutions 

were lyophilized and stored at -30  ℃. 
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Nanosheet assembly experiment 

Annealing experiments were conducted using a BioRad T-100 thermal cycler. The 

annealing protocol consisted of heating peptide solutions to 90 ℃ for 15 min, followed by slow 

cooling to 15 ℃ (1 ℃/5 min rate). To assemble the nanosheets, each pure peptide was dissolved in 

20 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (pH 7.0) to a final concentration of 

4 mg/mL. Single component nanosheets were assembled by annealing each pure peptide solution 

separately. The blended nanosheet assemblies were conducted by mixing the two peptide solutions 

in designated volume ratios (75:25, 50:50, and 25:75) such that the final mixture concentration 

remained 4 mg/mL. Mixed peptide solutions were then annealed 90 to 15 ℃. All assemblies were 

allowed to sit at room temperature for 2 weeks. 

 

Transmission electron microscopy 

TEM specimens were prepared by briefly mixing 2.5 𝜇L of peptide nanosheet solution with 

2.5 𝜇L of aqueous uranyl acetate stain solution (1%) directly on a 200-mesh carbon coated copper 

grid from Electron Microscopy Services. After 30 s, the excess liquid was wicked away and the 

grids were air-dried. Electron micrographs were recorded on a Hitachi HT-7700 TEM with a 

tungsten filament and AMT CCD camera at an accelerating voltage of 80 kV. 

 

Circular dichroism spectropolarimetry 

CD measurements were conducted on a Jasco-1500 CD spectropolarimeter. These spectra 

were recorded and averaged from 260 to 190 nm at a scanning rate of 100 nm/min and a bandwidth 

of 2 nm. CD melting experiments were conducted with a 0.1 mm path length quartz cuvette from 
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Hellma USA Inc., in the temperature range from 5 to 85 ℃ at a heating rate of 20 ℃/h. The 

intensity of the CD signal at 224 nm was monitored as a function of temperature.  

 

Atomic force microscopy 

AFM images were collected with a Bruker Multimode 8 atomic force microscope using 

peak force tapping mode in air. Images were obtained using SCANASYST-AIR probe from Bruker 

with a spring constant of 0.4 N/m and a resonance frequency of 70 kHz. Samples were prepared 

by diluting 5 𝜇L of nanosheet solution with 20 𝜇L of HPLC-grade H2O. The diluted solution was 

centrifuged at 3000 g for 10 min. The supernatant was removed and replaced with 5-30 𝜇L of 

HPLC-grade H2O (depending on how concentrated the sample was). Subsequently, 5 𝜇L of the re-

suspended sample was drop-casted onto freshly cleaved mica and air-dried. 

 

Fluorescence labelling of the nanosheets 

The 90% 4S(X)444 – 10% 4S(X)454 mixture solution (mixture 1) were prepared from 85.5% 

4S(X)444/ 4.5% b-4S(X)444/ 7.5% 4S(X)454/2.5 % N3-4S(X)454. The 75% 4S(X)444 – 25% 4S(X)454 

mixture solution (mixture 2) were prepared from 71.25% 4S(X)444/ 3.75% b-4S(X)444/ 18.75% 

4S(X)454/6.25% N3-4S(X)454. The samples were then annealed and incubated for two weeks at 15 

℃. Subsequently, AF647-DBCO (0.5 𝜇L, 1 mg/mL solution in water) and Cy3B-SA (1 mg/mL 

solution in water, 5 𝜇L used for mixture 1, 10	𝜇L used for mixture 2) were added to a 10 𝜇L 

solution of nanosheets. The mixtures were then further diluted with 10 𝜇L MOPS buffer (20 mM, 

pH 7) and incubated for 1 h at room temperature in the dark. The solution was placed in the 

refrigerator overnight (4 ℃). The next day, the solution was centrifuged at 3500g for 10 min. The 
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supernatant was removed and replaced with fresh 20 mM MOPS buffer (pH 7.0) and the sample 

was vortex mixed. 

 

Fluorescence optical microscopy 

The Nikon Eclipse Ti microscope was equipped with an Intensilight epifluorescence source, 

a CFI Apo 100X NA 1.49 objective, and a TIRF launcher with three laser lines: 488 nm (10 mW), 

561 nm (50 mW), and 638 nm (20 mW). All reported experiments were performed using the Quad 

Cube (cat. #97327) and TRITC (cat. # 96321) filter cube set supplied by Chroma. 

Experiments were conducted using no. 1.5 glass sildes (25 x 75 mm) that were cleaned by 

sonication in Milli-Q (18.2 MΩ/cm) water for 15 min, followed by a second sonication in 200 

proof ethanol for 15 min, and then dried under a stream of N2. The slides were etched with piranha 

solution (Caution: since Piranha solution (H2SO4/30% H2O2, 7:3) reacts violently with many 

organic compounds, extreme care must be taken when handling it) for 30 min to remove residual 

organic material and activate hydroxyl groups on the surface. The cleaned substrates were rinsed 

with Milli-Q water in a 200 mL beaker at least six times and further washed with ethanol three 

times. Slides were then transferred to a 200 mL beaker containing 2% (3-

aminopropyl)triethoxysilane (APTES) in ethanol for 1 h and then washed with ethanol three times 

and thermally cured in an oven (~ 110 oC) for 1- min, The APTES-functionalized slides were 

mounted to a custom-made 30-well microfluidic chamber fabricated from Delrin (McMasterCarr, 

cat. #8573K15). The nanosheet solution was added (10 𝜇L) to the well and was immediately 

subjected to a wash (3 x 100 𝜇L) with 20 mM MOPS buffer (pH 7.0). Assembly location was 

determined using RICM imaging. After focusing using RICM, wide-field epifluorescence 

micrographs were acquired. 
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Small-angle/Wide-angle X-ray scattering measurements 

Synchrotron SAXS/WAXS measurements were performed at the 12-ID-B beamline of the 

Advanced Photon Source at Argonne National Laboratory. The sample-to-detector distances were 

set such that the overall scattering momentum transfer, q, range was achieved from 0.005 to 0.9 

Å!" , where q = 4𝜋 sin 𝜃/𝜆, with 2	𝜃  denoting the scattering angle and 𝜆 denoting the X-ray 

wavelength. The wavelength was set at 0.9322 Å  during the measurements. Scattered X-ray 

intensities were measured using a Pilatus 2 M (DECTRIS Ltd.) detector. Measurements were 

conducted on aqueous solutions of CMP nanosheets at a concentration of 4 mg/mL in 20 mM 

MOPS buffer (pH 7.0) at 5 oC. A quartz capillary flow cell (1.5 mm diameter) was employed to 

prevent radiation damage. The 2D scattering images were converted to 1D scattering curves 

through azimuthal averaging after solid angle correction and then normalizing with the intensity 

of the transmitted X-ray beam using the software package at beamline 12-ID-B. The 1D curves of 

the samples were averaged and subtracted with the background measured from the corresponding 

buffers.  

 

Cryogenic transmission electron microscopy 

3 𝜇L of sample was pipetted onto a glow-discharged QuantiFoil grid 1.2 (300 mesh). Grids 

were blotted for 2 s with no blot force and plunge-frozen in liquid ethane using a Vitrobot with the 

environmental chamber set at 100% humidity. Data were acquired on a Thermo Fisher Talos 

Arctica electron microscope at 200 keV in nanoprobe mode, with a GIF Quantum LS Imaging 

filter (20 eV slit in width) and a Gatan K3 electron counting direct detection camera.  

Data sets at zero tilt were collected at nominal magnifications of 79K, resulting in 

calibrated pixel sizes of 1.08 Å. The defocus was set at 3 𝜇m. Every position was selected manually 
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by the observation of crystal-like features, and each of these positions was exposed by recording 

a 4 s movie with 48 frames totaling ~37 𝑒!/Å#. Beam-induced motion was automatically corrected 

in Digital Micrograph (Gatan). 
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Chapter 3. Self-assemblies of homochiral and heterochiral 𝜷-strand 

mimetic peptides 
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3.1 Introduction 

 In the previous chapters, we have reported on the design of collagen mimetic peptides 

(CMPs) that self-assemble into crystalline nanosheets. CMP sequences comprise three sequential 

blocks of positively charged, neutral, and negatively charged triads. The peptides then fold into 

triple helices, which serve as rigid, rod-like building blocks. The electrostatic interaction between 

oppositely charged residues on adjacent triple helical units drives their packing into 2D crystal 

lattices. This straightforward scheme facilitates the formation of structurally defined 2D 

assemblies, which serve as an ideal platform for studying how tuning the structural properties of 
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the helical building blocks influences the internal packing and overall assembly architecture.1, 2 

Inspired by the relatively simple construct of CMPs, we aim to expand our design strategy to study 

the self-assemblies of electrostatically self-complementary peptides derived from other structural 

motifs. 

 A potential candidate is 𝛽-strand mimetic peptide (BMP) based on sequence patterns that 

should favor 𝛽-strand formation. In analogy to CMPs, the sequence design for BMPs is also 

composed of two end blocks with charged residues and a midblock that consists of a hydrophobic 

core. The composition of the BMP core sequence is derived from phenylalanines, which have been 

demonstrated to drive 𝛽-sheet self-assembly even for peptide sequences having only two Phe 

residues.34, 35 For our initial investigation, we choose to study a basic sequence K2F4E2 (Figure 

1).  

 

Figure 1. Structures of (A) Homochiral K2F4E2 and (B) block heterochiral K2(DF)4E2. 

 Among the strategies for regulating peptide self-assemblies, the incorporation of unnatural 

D-amino acids is attracting more interest due to the many, often unexpected, effects.36 D-amino 

acids are known for their resistance against enzymatic hydrolysis and thus are expected to enhance 

the stability and function of the materials in biological environment.36 At the molecular level, the 

incorporation of D-amino acids can also influence the conformation of peptide secondary 
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structure.36-41 Changing the chirality of just a single amino acid residue can affect the peptide 

assembly structures.36, 37, 41  The substitution of L-amino acids with their D-enantiomers in 𝛽-turns 

is well known for increasing the binding affinity and/or biological stability.36 With regards to the 

𝛽-sheet structure, D-amino acid incorporation has been reported to be capable of both distorting or 

promoting the peptide self-assembly. 

 Marchesan and coworkers addressed the chirality effects at each amino acid position on 

the self-assembly of a tripeptide FFV.37 When probing the secondary structures of the assemblies 

with CD, all peptides exhibited the signature 𝛽-strand negative minimum or positive minimum in 

the region of 210-220 nm, which is expected for either L- or D- peptides, respectively. It should be 

noted that sequence with discontinuous chirality (i.e., DFFDV and FDFV) displayed the weakest 

CD signals. With regards to the peptide self-assemblies, they found that only non-ordered 

nanostructures were detected in the homochiral controls (all L- or D- sequences). On the contrary, 

twisted fibers were formed from the heterochiral DFFV and FDFV. 

 Luo et al. also studied the effect of D-amino acids on the sequence EAK16 (Ac-

AEAEAKAKAEAEAKAK-NH2).38 They found that the homochiral L- and D- peptides self-

assembled into nanofibers, while the peptide with alternating D - and L -pattern only showed non-

structured aggregates. This alternating chiral configuration is thought to disrupt the typical uniform 

chiral backbone and interfere with the crucial non-covalent interactions, hence hindering the 

formation of supramolecular assembly. 

 Clover et al. examined another substitution pattern of D-amino acids into the sequence of 

KFE8 peptide40 In particular, a block of four consecutive residues were replaced with their D-

enantiomers. The peptide thus comprises two blocks of opposite chirality, either LD or DL. They 

found that while the homochiral LL and DD peptides formed nanofibers, the heterochiral LD and DL 
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analogs assembled into supramolecular helices. Molecular dynamics simulation suggested that in 

the LD analog, the amino acid backbone is unchanged while the D-residues’ side chains rotated and 

resulted in a kink at the L-D interface. This in turn introduced an internal strain counteracting the 

twisting nature of the 𝛽-sheet and flattened it out more compared to the homochiral structure. 

 In our design of BMPs, we are also interested in studying the effect of substituting D-

enantiomers into the K2F4E2 sequence. From literature review, it appears that incorporating D-

amino acids in block pattern tends to have a more stabilizing effect on the assembly structure. 

Therefore, we decided to examine an analog where the four Phe residues are replaced with their 

D-enantiomers (Figure 1). 

 

3.2. Different secondary structure conformations and assembly morphologies between 

K2F4E2 and K2(DF)4E2 

 We first evaluate how the two peptides behave when being dissolved directly in water. Each 

peptide was dissolved in HPLC-grade H2O to a final concentration of 1 mg/mL. The peptides are 

water-soluble and measured pH’s are slightly acidic (pH of 5.6 for K2F4E2 and 5.0 for K2(DF)4E2). 

The peptide solutions were then either annealed or unannealed. Annealed samples were heated to 

90 ℃ for 30 min, followed by slow cooling to 25 ℃. Unannealed samples were kept at RT. 

Characterization of the assemblies by CD and negative stain TEM after 1 day and 1 week returned 

similar results. The K2F4E2 peptide when annealed forms large, short tapes that tend to aggregate 

(Figure 2A). The unannealed sample probably forms some twisted filaments and some thin tapes 

(very few assemblies found, and TEM resolution is limited, Figure 2B). The assemblies from 

K2F4E2, either annealed or unannealed, give weak CD signal that resembles random coils (Figure 
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2C). Compared to K2F4E2, the heterochiral K2(DF)4E2 assembles more readily. In annealed 

sample, straight tapes of various widths along with some nanotubes are observed (Figure 2D, 

Figure S1). The unannealed sample displays a formation of mostly nanotubes that appear uniform 

in size (Figure 2F). With regards to the CD spectra, signal from annealed K2(DF)4E2 is more 

indicative of random coils. Unannealed K2(DF)4E2, however, demonstrates a minimum at ~ 197 

nm and a maximum at ~ 216 nm, which is mirrored of the 𝛽-strand signal from the common L-

peptide. 
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Figure 2. Assemblies of K2F4E2 and K2(DF)4E2  peptides in water after 1 week. (A) TEM images 

of annealed K2F4E2 sample; (B) TEM images of unannealed K2F4E2 sample; (C) CD spectra of 

K2F4E2 assemblies after 1 week. (D) TEM images of annealed K2(DF)4E2 sample; (E) TEM 

images of unannealed K2(DF)4E2 sample; (F) CD spectra of K2(DF)4E2 assemblies after 1 week. 
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 The two peptides were later dissolved in hexafluoroisopropanol (HFIP), a solvent that is 

disruptive toward 𝛽-sheets, to preclude possible preassembled structures. HFIP-treated peptides 

were then frozen and lyophilized. Lyophilized materials were re-dissolved in water and allowed to 

assemble at RT (unannealed). The measured pH for K2F4E2 peptide solution decreases to 4.6, and 

pH for K2(DF)4E2 is 4.3. The HFIP-treated peptides both display stronger 𝛽-strand signal under 

CD measurements (Figure 3). The morphology of the assemblies also appears to be more uniform. 

Even though there are still not many assemblies found in the K2F4E2 sample, we could see that 

the peptide forms twisted filaments. The HFIP-treated K2(DF)4E2 still self-assembles into 

nanotubes but at a higher concentration compared to the sample without HFIP treatment. 
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Figure 3. Assemblies from HFIP-treated K2F4E2 and K2(DF)4E2 peptides after 1 week. (A) TEM 

images of unannealed K2F4E2 assembly and (B) its corresponding CD spectrum; (C) TEM images 

of unannealed K2(DF)4E2 assembly and (D) its corresponding CD spectrum. 

 

3.3. In-depth study on the assembly of K2(DF)4E2 in water 

 From our preliminary results, the most well-behaved assembly for further characterization 

is the HFIP-treated K2(DF)4E2 peptide being dissolved in water and unannealed. The process of 

assembly formation is then monitored over time with TEM (Figure 4). Only 5 minutes after the 

peptide being dissolved, there are already a lot of protofilaments in the background. Helical 

ribbons also start to form. 3 hours later, the ribbons continue to grow in length and some nanotubes 

can now be spotted. At the 6-hour time point, we can see that the edges of the ribbons are fusing. 

After 1 day, mostly long nanotubes are observed, although there are still ribbons and filaments in 

the background. The background essentially clears out at the 4-day time point, even though there 

are still some helical ribbons continuing to grow. After a week, almost no helices are detected, and 

the main species are nanotubes that are microns in length. The nanotubes remain intact for weeks. 

The average width of the matured nanotubes measured from negative stain TEM images is 72 ± 6 

nm. It should be noted that how quickly the background filaments clear out and the ribbons grow 

into nanotubes also depend on the concentration of the assembly.  
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Figure 4. Morphology of K2(DF)4E2 peptide assembled in water monitored over time. TEM 

images of assemblies after (A) 5 minutes, (B) 3 hours, (C) 6 hours, (D) 1 day, (E) 4 days, (F) 1 

week, (G) 2 weeks, (H) 3 weeks. 

 Time-point CD measurements also indicate a very robust growth of  𝛽-sheet content in the 

sample. The positive ellipticity at 217 nm, which is characteristic of 𝛽-strand from D-peptide, 

develops almost immediately in the first hour and continues to grow steadily. (Figure 5, Figure S2). 

The signal growth rate in the first day is almost linear. It then slows down after day 1 and reaches 

a plateau at day 2 (Figure 5. Figure S3). 

 

Figure 5. Ellipticities at 217 nm measured by CD spectroscopy for the assembly of HFIP-treated 

K2(DF)4E2 in water over time. 
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 AFM analysis on the self-assembly of K2(DF)4E2 also reveals an evolution of the 

morphology from protofilaments to helical ribbons and eventually matured nanotubes (Figure 6). 

The theoretical length of K2(DF)4E2 when fully extended is 2.8 nm (3.5 Å	/ residue). The measured 

thickness for the filaments varies between 1 – 2 nm. The cross-section profiles of the ribbons show 

two different heights, ~2.7 nm and ~5.5 nm, which agree with the peptide monolayer and bilayer, 

respectively. Average height of the nanotubes is calculated to be 6.5 ± 1 nm, which is also close 

to the thickness of a peptide bilayer. 
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Figure 6. AFM analysis on the self-assembly of K2(DF)4E2 indicating an evolution of morphology 

from (A) protofilaments to (C) helical ribbons to (E) matured nanotubes. Height traces across a 

section of each morphology are shown in (B), (D), and (F).  

 Synchrotron SAXS/WAXS analysis on the nanotubes results in a series of well-defined 

oscillations of intensity on the momentum transfer (q), which is consistent with formation of 

hollow cylinders (Figure 7). A Bragg diffraction peak is observed at a q value of 1.33 Å!" (d = 4.7 

Å), which corresponds to the 𝛽-sheet spacing. Another peak at a q value of 0.51 Å!" (d = 12.3 Å) 

is also present that probably represents some higher-order arrangement. Analysis of the SAXS data 

yields a low-resolution model of a nanotube with a wall thickness of ~2.8 nm (theoretical length 

of the peptide) and an inner diameter of 31.0 ± 1.7 nm. 

 

Figure 7. Synchrotron SAXS/WAXS scattering profile for the assembly of K2(DF)4E2 peptide. 

(A) Scattering curve with Bragg peaks at q values of 0.51 Å!" (d = 12.3 Å) and 1.33 Å!" (d = 4.7 

Å). (B) Comparison of the experimental SAXS scattering curve with a nanotube model with a wall 

thickness of 2.8 nm and inner diameter of 31.0 ± 1.7 nm. 
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 Results from negative stain TEM and SAXS assume that the peptide assembles into 

nanotubes of homogenous size. However, initial cryo-EM imaging suggests the presence of 

nanotubes that subtly differ in apparent diameter (Figure 8). The three commonly measured widths 

are ~54 Å, 64 Å, and 72 Å, which correspond to nanotube diameters of ~34 nm, 41 nm, and 46 nm, 

respectively. Since polymorphism is a common problem in many peptide self-assemblies,42 we 

will need to continue with two-dimensional (2D) classification and helical reconstruction to obtain 

a definitive answer for the structure(s) of the K2(DF)4E2 nanotubes. 
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Figure 8. Cryo-electron micrograph of K2(DF)4E2 nanotubes of different diameters. The three 

different widths identified are ~54 Å (blue double arrows), 64 Å (white double arrows), and 72 Å 

(orange double arrow). 

 

3.4. Discussion and future experiments 

3.4.1. Heterochirality promotes the self-assembly of BMPs 

Our preliminary results agree with previous reports that block heterochiral peptides 

promoted the assembly structure.37, 40 Having been assembled at the same concentration, K2F4E2 

exhibits a significantly weaker 𝛽-strand signal as compared to K2F4W2. Moreover, while K2F4E2 

forms only a few twisted filaments, K2(DF)4E2 assembles robustly into nanotubes of micron-

length. 

 

3.4.2. A mechanistic explanation for formation of nanotubes from K2(DF)4E2 peptide 

 The morphological change from thin protofilaments to helical ribbons to nanotubes has 

been observed often for self-assembly processes involving chiral monomers.43-47 Based on our 

current evidences, we propose a scheme for the formation of nanotubes from the self-assembly of 

K2(DF)4E2 peptide (Figure 9). Because of the salt bridges between terminal Lys and Glu residues, 

K2(DF)4E2 is expected to form antiparallel 𝛽-sheets.  The lateral stacking of 𝛽-sheets can also be 

stabilized by these electrostatic interactions and by 𝜋 − 𝜋 stacking between the Phe residues in the 

hydrophobic core. These laminated sheets then go through helical coiling to form ribbons that 

eventually fuse into nanotubes. Data from AFM measurements suggests that the wall thickness of 
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the nanotubes equals to a monolayer of fully extended peptide. The different populations of 

nanotube diameters as measured from cryo-EM micrographs may imply variations in the extent of 

lateral packing. This could also be the reason for fluctuations in the AFM height trace for the 

protofilaments. However, to obtain a definitive answer to this speculation, we will need to solve 

the structure of these nanotubes by cryo-EM. 

 

Figure 9. Proposed scheme for the formation of nanotubes from the self-assembly of K2(DF)4E2 

peptide. 
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3.4.3. Future experiments 

Solving the structure of K2(DF)4E2 nanotubes by cryo-EM 

 As mentioned above, our SAXS data can be fitted to a low-resolution model of a single 

population of nanotubes. However, initial cryo-EM experiment suggests the presence of nanotubes 

with subtle differences in diameter. Since polymorphism is a common problem in many peptide 

self-assembly, we will need to continue with cryo-EM analysis to obtain a definitive answer to the 

structure(s) of these K2(DF)4E2 nanotubes. 

 

Study of K2(DF)4E2 assembling behavior under different pH’s 

 Studies by Lynn and coworkers have reported on the assembly of a peptide sequence 

derived from the A𝛽 peptide (Ac-KLVFFAE-NH2) that was sensitive to environmental pH.44, 46 At 

an acidic pH of 2, the negative charge of the terminal glutamic acid was neutralized and the peptide 

self-assembled into nanotubes. At a neutral pH of 6, Glu is charged, and formation of fibers was 

observed. The different protonation state of this Glu residue determined the formation of either 

antiparallel, in-register or antiparallel, out-of-register 𝛽-sheets. 

 In our case, the pH’s measured for the assemblies of K2F4E2 and K2(DF)4E2 peptides 

(HFIP-treated samples) are 4.6 and 4.3, respectively. These values coincide with the pKa of the 

glutamic acid side chain (pKa = 4.3), so it is not straightforward to predict the protonation state of 

the two Glu residues. For future experiments, we can try to assemble the peptide in a more acidic 

pH and neutral pH to see if any morphological changes happen. We can also utilize isotope-edited 

infrared to probe the registry of our 𝛽-sheets when assembled under different pH conditions. 
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Additional sequence designs to understand the effects of chirality on BMP self-assembly 

 To have a more comprehensive understanding on the effect of D-amino acid incorporation, 

we propose to study the assemblies of more sequences below (Table 1). First, we want to see 

whether the homochiral D-analog would behave in a similar way as the homochiral L-K2F4E2. In 

addition, we wonder if the block heterochiral substitution strategy still promotes self-assembly 

when we replace Lys and Glu with their enantiomers. Lastly, it would also be interesting to study 

the effects of other charged residues in place of Lys and Glu. 

 Table 1. Additional peptide sequences based on K2F4E2  

Homochiral D – KKFFFFEE 

Block heterochiral 
D(KKFF)FFEE 

KKFFD(FFEE) 

Different charged residues 
RRD(FFFF)EE 

KKD(FFFF)DD 
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3.5. Supplementary figures 

 

Figure S1. Additional TEM images from annealed K2(DF)4E2 assemblies after 1 week. Different 

morphologies including tapes of various widths and nanotubes are observed. 

 

Figure S2. CD spectra of K2(DF)4E2 solution over the first 9 hours after experimental setup. A 

clear development of the 𝛽-strand signal for D-peptide can be observed. 
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Figure S3. CD spectra of K2(DF)4E2 solution after 1-4 days. After a very robust growth within a 

day, the signal then reaches a plateau. 
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3.6. Experimental methods 

Peptide assembly experiments 

Peptides were purchased commercially from GenScript USA, Inc. To prepare the peptide 

assemblies in water, samples were dissolved directly in HPLC-grade H2O to a final concentration 

of ~ 1mg/mL. For the assembly of HFIP-treated peptides, the peptides were dissolved in HFIP to 

(~ 1 mg/mL) and let sit at room temperature for 1 hour, followed by freezing and lyophilization of 

the solution. Lyophilized peptides were treated again with HFIP following the same procedure. To 

set up the assembly experiments, the double-lyophilized materials were then dissolved in HPLC-

grade H2O (~1 mg/mL). Annealed samples were heated to 90 ℃ for 30 min, followed by slow 

cooling to 25 ℃. Unannealed samples were kept at RT. 

 

Circular dichroism spectropolarimetry 

 CD measurements were performed on a Jasco J-1500 CD spectropolarimeter using a 0.1-

mm path length quartz cuvette from Hellma USA Inc. Three spectra were recorded and averaged 

in a wavelength range from 190 to 260 nm at a scanning rate of 100 nm/min and a bandwidth of 2 

nm and a data pitch of 2 nm. 

 

Transmission electron microscopy  

 TEM specimens were prepared by depositing 4 𝜇L of sample onto a 200-mesh carbon-

coated copper grid from Electron Microscopy Services. After 90 s of incubation on the grid, excess 

liquid was wicked away, leaving a thin film of sample. Next, 4 𝜇L of aqueous uranyl acetate stain 
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solution (1%) was deposited onto the thin film. After 60 s of staining, the remaining moisture was 

wicked away and the grids were air-dried. Electron micrographs were recorded on a Hitachi HT-

7700 TEM with a tungsten filament and AMT CCD camera at an accelerating voltage of 80 kV. 

 

Atomic force microscopy 

 AFM images were collected with a Bruker Multimode 8 atomic force microscope using 

peak force tapping mode in air. Images were obtained using SCANASYST-AIR probe from Bruker 

with a spring constant of 0.4 N/m and a resonance frequency of 70 kHz. To prepare the samples, 

15 𝜇L of the assembly solution were drop-casted onto freshly cleaved mica. After 5 min, the 

solution was wicked away and washed once with 30 𝜇L of HPLC-grade H2O.  

 

Small-angle/Wide-angle X-ray scattering measurements 

Synchrotron SAXS/WAXS measurements were performed at the LiX beamline of NSLS-

II at Brookhaven National Laboratory. The X-ray wavelength was set at 0.826 Å. Two Pilatus3 

detectors, 1M and 900K were employed for the simultaneous SAXS/WAXS measurements, 

covering the q range of 0.005-3.0 Å-1. The solution samples were run with the house-built flow 

cell and the SAXS/WAXS data were processed with the beamline software.48 The simulated SAXS 

curves were calculated using the program CRYSOL49 with fitting to a model based on the form 

factor for a hollow cylindrical particle, as previously described for aqueous solutions of cross-	𝛽	

nanotubes	derived	from	self-assembly	of	the	A𝛽(16-22)	peptide.43	The	wall	thickness	was	

set	 to	 28	Å 	as	 a	 known	 parameter,	 which	 was	 similar	 to	 the	 estimated	 thickness	 of	 a	

monolayer	of	K2(DF)4E2. 
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Cryogenic transmission electron microscopy 

3 𝜇L of sample was pipetted onto a glow-discharged QuantiFoil grid 1.2 (300 mesh). A 

wait time of 5 s was set before blotting the grids. Grids were blotted for 3 s with no blot force and 

plunge-frozen in liquid ethane using a Vitrobot with the environmental chamber set at 100% 

humidity. Data were acquired on a Thermo Fisher Talos L120C 120 kV TEM equipped with a 

4Kx4K Ceta detector. Images were collected at a calibrated pixel size of 3.2 Å. 
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