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Abstract:

Cryogenic transmission electron microscopy (cryo-TEM) combined with single particle

analysis (SPA) is an emerging imaging approach for soft materials. However, the accuracy of

SPA-reconstructed  nanostructures,  particularly  those  formed  by  synthetic  polymers,  remains

uncertain due to potential packing heterogeneity of the nanostructures. In this study, we utilized

the combination of molecular dynamics (MD) simulations and image simulations to validate the

accuracy of cryo-TEM 3D reconstructions of self-assembled polypeptoid fibril nanostructures.

Using  CryoSPARC software,  we  performed  image  simulations,  2D  classifications,  ab  initio

reconstructions, and homogenous refinements. By comparing the results with atomic models, we

were able to  assess the recovery of molecular  details,  identify heterogeneous structures,  and

evaluate the influence of extraction location on the reconstructions.  Our findings confirm the

fidelity of single particle analysis in accurately resolving complex structural characteristics  and

heterogeneous structures, exhibiting its potential as a valuable tool for detailed structural analysis

of synthetic polymers and soft materials.

Keywords:  Cryogenic  transmission  electron  microscopy;  single  particle  analysis;  peptoid;

molecular dynamics simulation; image simulation.



Introduction:

Synthetic polymers composed of chemically distinct blocks can self-assemble into various

amorphous  or  crystalline  micelle-like  nanostructures  in  solution,  which  exhibit  an  extensive

range of structural variations from the molecular arrangement in the lattice at the atomic scale to

the  morphologies  at  the  micrometer  scale.[1-7]  To  design  and  engineer  the  self-assembled

polymer nanostructures, revealing the structure details at the atomic level is of great importance.

[8-10] 

In  addition  to  characterizing  self-assembled  polymer  nanostructures  in  reciprocal  space

through widely-used X-ray and neutron scattering and diffraction methods, imaging in position

space  is  of  great  importance  for  structural  interpretation.[11-14] For  example,  atomic  force

microscopy  (AFM) allows  for  direct  observation  of  two-dimensional  (2D)  soft  materials  on

substrates at  the molecular  level.[15-17] However,  many self-assembled block copolymers  form

three-dimensional  (3D)  structures,  whose  internal  structures  cannot  be  observed  by  AFM.

Cryogenic  transmission  electron  microscopy  (cryo-TEM)  is  a  powerful  tool  for  identifying

structural  characteristics  of  self-assembled  block  copolymers,  conjugated  polymers,  and  2D

polymers  across  different  length  scales  using  very  low  electron  dose.[18-26] In  this  method,

nanostructures in solution are rapidly frozen in liquid ethane to preserve their natural states as

vitrified specimens.[27-31] Furthermore, at liquid nitrogen temperatures, damage to polymers by the

electron  beam  is  minimized,  allowing  for  better  preservation  of  atomic  details  in  the

micrographs. [32-38] 

Despite  its  advantages,  the 2D projections  from 3D structures  in  cryo-TEM micrographs

alone  is  not  able  to  sufficiently  recover  all  structural  information.  Therefore,  3D  imaging

techniques such as cryogenic electron tomography (cryo-ET),[39-43] helical reconstruction,[44-47] and



single  particle  analysis  (SPA)[48-53] are  employed  to  retrieve  the  3D  information  from  the

nanostructures  formed by proteins  or  synthetic  polymers.  Originally  developed for structural

biology,  single particle  analysis  has been particularly  effective  in achieving atomic-scale 3D

reconstructions of proteins by identifying subtle inhomogeneities in chain conformation through

2D and 3D classifications.[48] Recent advances in algorithm development have further enhanced

its capabilities, enabling ab initio 3D reconstruction without prior structural knowledge.[54] This

may especially beneficial for studying various polymer nanostructures like vesicles, helices, and

nanofibers,  which  tend  to  have  less  ordered  structures  compared  to  proteins  at  atomic  and

nanoscales. 

In  a  previous  study,  we  synthesized  the  amphiphilic  diblock  copolypeptoid,  poly(N-

decylglycine)-block-poly(N-2-(2-(2-methoxyethoxy)ethoxy)ethylglycine) (Ndc10-b-Nte10), which

is a sequence-defined bio-inspired polymer,  as shown in Figure 1A.[55] It  self-assembled into

crystalline  nanofibers  comprising  an  ordered  Ndc  hydrophobic  core  and  an  amorphous  Nte

hydrophilic shell, in the presence of urea molecules, as illustrated in Figure 1B. Consequently,

single particle analysis was employed to reconstruct the 3D structure of the nanofibers using the

ab initio 3D reconstruction  and eventually  visualize  the  conformation  of  individual  polymer

chains  within  the  nanofiber  lattice  in  real  space  at  a  resolution  of  3.6  Å. [55] The  3D

reconstructions indicated that the backbones of the crystalline Ndc blocks adopt an extended, all-

cis sigma strand conformation.  Additionally,  the reconstruction revealed the presence of two

symmetrical  crystalline  domains  with  the  arms  of  the  V-shapes  pointing  toward  each  other

within the nanofiber (as depicted in Figure 1C and Figure 2A).

Nevertheless,  the  accuracy  of  the  SPA-reconstructed  nanostructures  formed  by  this

polypeptoid remains uncertain due to potential reconstruction inaccuracy. These errors may arise



from mixing fiber structures with homogeneous crystalline domains in parallel  V-shaped and

antiparallel  V-shaped  chain  configurations.[56,  57] Thus,  testing  the  fidelity  of  the  SPA

reconstruction of these nanostructures is critical for the further application of the SPA approach

to synthetic polymers. In this study, we first carried out molecular dynamics (MD) simulations to

prepare three different atomic models of the fibril nanostructure comprising Ndc10-b-Nte10. The

first model, based on previous experimental results, has peptoids arranged in two parallel  V-

shaped domains oriented in opposite directions. The second model exhibits a single parallel V-

shaped  domain,  while  the  third  model  shows  homogeneous  antiparallel  V-shaped  chain

configurations  in  the  fibers.  These  models  were  then  relaxed  in  water  to  reach equilibrium.

Simulated cryo-TEM images containing different projection views at various angles of fibers in

water  were  generated  using  CryoSPARC  based  on  these  models.  The  defocus  values  and

spherical aberration used in the simulation were similar to those in the experimental images.[58]

The simulated cryo-TEM images were sorted using 2D classification to remove those containing

fibers with out-of-plane rotation. The orientation of the fibers in the remaining simulated images

was limited to ranges close to the experimental conditions of frozen vitrified specimens. The ab

initio reconstruction, performed using the selected simulation images, successfully recovered the

molecular packing in the atomic model and revealed the presence of two opposing domains in

the  fiber.  These  results  suggest  that  SPA  ab  initio reconstructions  can  be  used  to  identify

inhomogeneities  and  accurately  recover  the  structural  details  of  nanofibers  formed  by

polypeptoids, with reasonable spatial resolution and sufficient fidelity.

Experimental Section:

Materials and cryo-TEM imaging:



The synthesis protocol and characteristics of the polypeptoid Ndc10-b-Nte10 are elaborated

in our previous work.[55] These polypeptoids were dissolved in tetrahydrofuran (THF) with 4M

urea at 4 mg/mL, diluted to 2 mg/mL by adding equal volumes of Milli-Q water to form a 1:1

THF/water mix. The mixture was then allowed to evaporate slowly at 4˚C over 14 days in vials,

forming self-assembled nanofibers. These nanofibers were vitrified and analyzed using the cryo-

TEM, FEI Krios G2 equipped with a K3 camera and energy filter.  The data was reconstructed

using the softwre package CryoSPARC. Further details on the sample preparation, imaging, and

SPA reconstructions are available in the reference 51. 

MD Simulations:

The peptoid molecules  being simulated  were the  Ndc10-b-Nte10,  with a protonated  N-

terminus  and  trifluoroacetate  counterions.  The  nanostructures  were  built  with  our  best

understanding of the cryo-TEM 3D reconstructions  for the experimental  nanocrystals.[55] The

simulation  box  consisted  of  6-stack  nanofiber  with  the  Ndc  side  chains  in  contact,  which

extended to infinite length with the periodic boundary condition.  Each stack consisted of 12

peptoid molecules preassembled in cis conformation for the monolayer model (6 molecules for

each layer in the bilayer model)[59]. In each stack, all peptoid molecules were placed in the same

direction.  To  achieve  a  zero-charge  system,  each  protonated  N-terminus  was  paired  with  a

trifluoroacetic acid. The chemical structures and initial peptoid structures are in Figure S1. In this

work,  the  force field was identical  to  our  prior  works,  [55,  60]which included a parameterized

CGenFF-based  force  field  for  the  peptoid  backbone  and  standard  CGenFF  for  the  other

chemicals.  [61,  62]The MD simulations were conducted on GROMACS 2019.2.[63] The timestep

was set to 2 fs.  All bonds involving hydrogen atoms were fixed in length using the LINCS

algorithm. The simulation started with a 10ns Langevin dynamics for peptoid and urea only. The



Ndc  blocks  were  constrained  in  position  to  maintain  the  preassembled  structure,  and  the

amorphous  Nte  blocks  were  obtained  at  this  stage.  Subsequently,  the  simulation  box  was

solvated with TIP3P water, and the equilibration run was performed for 90 ns in NpT ensemble

at 300K and 1 atm. Afterward, several 50 ns runs were consecutively conducted using the same

configuration  until  the  averaged  potential  energy  stopped  decreasing.  The  relaxed  peptoid

nanocrystals are shown in Figure S2, including a bilayer model and two monolayer models with

different stack-to-stack arrangements. 

Image Simulation and Reconstruction:

Various software packages have been developed to simulate contrast transfer functions

(CTF), electron dose, acceleration voltage, inelastic scattering, ice thickness, signal-to-noise ratio

(SNR),  and the  detective  quantum efficiency  (DQE) of  cameras  for  image simulations  from

atomic models. [64-67] In this study, image simulations and subsequent 2D classifications, ab initio

reconstruction,   and homogeneous refinement  were performed using CryoSPARC V4.1.[58] A

total of 15,000 images were generated from each atomic model, with a signal-to-noise ratio of

0.1 and a rotation randomness of 2 degrees. The defocus range was set from 1,000 to 10,000 Å at

300  KeV,  with  a  spherical  aberration  of  2.7  mm,  matching  the  FEI  Krios  G2  used  in

experimental data collection. High-order aberrations were not simulated. The default parameters

in CryoSPARC were used for the 2D classifications of the simulated images. CTF phase flipping

was applied based on the parameters used for image generation. The maximum resolution was

set to 3 Å in the ab initio reconstruction and homogeneous refinement, with an initial low-pass

filter set to 12 Å in the homogeneous refinement. 

Results and discussion:



The chemical structures of Ndc10-b-Nte10 and the urea molecule are shown in Figure 1A.

The cryo-TEM micrograph in Figure 1B illustrates the morphology of self-assembled nanofibers

embedded in vitreous ice. The fibers exhibit alternating bright and dark periodic regions along

their long axis, with dark bands representing electron dense molecules. Figures 1C to 1E show

orthogonal views of a SPA-reconstructed 3D reconstruction of this fibril structure. The details of

cryo-TEM imaging and processing can be found in our previous work.[55]  Figure 1C presents the

a-c plane slice of the fiber, revealing four rows of molecular stacks in the reconstruction. The

bright  spots  in  the  center  of  the  rows  represent  the  end views of  the  glycine  backbones  of

polypeptoids (contrast is inverted compared to the image in Figure 1B). The V-shaped bright

arms extending from the spots are n-decyl side chains. The molecules are arranged in rows along

the a direction, and each row adopts a parallel V-shape relative to the adjacent rows along the c

direction. In the center region of the top view, two segments of peptoid molecules in four rows

are observable. It is noteworthy that the V-shaped arms in the two segments point toward the

fibril's  center  along the  a axis.  The domain  boundary is  indicated  by the black dashed line.

Figures 1D and 1E show slices in the b-c and a-b planes, respectively, showing the side views of

the backbone and side chains. It is evident that the arms of peptoid molecules in the same row

are angled in opposite directions, indicating that the two segments have inverted symmetry along

the a direction with the proposed geometry.

This discovery raises questions about the accuracy of SPA reconstruction for polymer

nanostructures, which remains to be examined by more studies within the polymer community. [49,

68-70] Specifically,  can  the  reconstruction  process  accurately  identify  inhomogeneity  and

reconstruct  molecular  structures  without  assuming symmetry,  especially  given its  absence  in

these  self-assembled  polypeptoid  nanostructures.  Numerous  high-resolution  3D structures  of



proteins  have  been  resolved  using  the  SPA approach.  It  is  known that  structures  of  highly

symmetrical proteins can be resolved at atomic resolution, up to 1.2 Å.[51] However, it is much

more difficult for proteins with less symmetry, where the resolution is typically above 3 Å.[71, 72]

In  addition  to  low symmetry,  which  makes  it  challenging  to  average  each  molecule  in  the

protein, the flexible chains in proteins leading to inhomogeneity also pose challenges for SPA

reconstruction.[73] It is reasonable to forecast that these challenges are even more significant for

the nanostructures formed by synthetic soft materials. This work represents the preliminary effort

to establish the baseline for SPA reconstruction of synthetic polymers.

To answer this question, molecular dynamics simulations were conducted to build three

atomic models of the nanofiber, as shown in Figure 2. The first model features peptoids arranged

in two parallel V-shaped domains oriented in opposite directions. The second model displays a

single parallel V-shaped domain, whereas the third model consists of homogeneous antiparallel

V-shaped  chain  configurations  within  the  fibers.  Figure  2A displays  the  first  model,  which

resembles the 3D reconstructed experimental results shown in Figure 1. This model features two

segments with opposite orientations of parallel V-shaped packing, as indicated by two arrows.

We refer to this model as the bilayer parallel model. The second and third models adopt a single

domain configuration, each comprising either all parallel and all antiparallel V-shaped packing of

rows, as depicted in Figures 2B and 2C, respectively. These are referred to as the single layer

parallel and single layer antiparallel models. In all models, molecules adapt to form corrugated

rows along the c-direction, which is particularly evident in the b-c plane. Figure 2D shows the b-

c plane of the first model with two segments, where the overlap of side chains is observable. The

single layer parallel and single layer antiparallel models exhibit the arrangement of rows is the b-



c plane as shown in Figures 2D and 2E. Detailed atomic structures are presented in Figure S2 in

the supporting information. 

Potential maps, which were generated based on the atomic models shown in Figure 2, are

presented in Figure 3. In Figure 3A, a slice from the a-c plane shows the potential map of the

bilayer parallel model depicted in Figure 2A. This map includes the water molecules surrounding

the fiber structure, with the end view of glycine backbones in the row appearing brighter than the

side chains. Two arrows point to two domains within the atomic model. Figure 3B presents b-c

plane slices of the two domains, positioned as indicated by the arrows, clearly exhibiting the

different orientations of molecules within the same row. Figures 3C and 3D illustrate the a-c and

b-c planes of the potential  map for the single layer parallel model shown in Figure 2B. This

model  features homogeneous V-shaped parallel  packing of molecules  in the  a-c plane and a

corrugated arrangement of molecules in rows in the b-c plane. The potential map for the single

layer antiparallel  model is displayed in Figures 3E and 3F, where it  shows homogeneous V-

shaped  antiparallel  packing  of  molecules  in  the  a-c plane  while  maintaining  the  corrugated

arrangement in the b-c plane.

The  simulation  strategy  in  this  study  is  stated  as  follows:  The  first  step  involves

generating simulated images from the relaxed atomic models in Figure 2. The second step tests

the  accuracy  of  the  reconstructions  in  terms  of  recovering  the  atomic  details  of  molecular

arrangements using the  ab initio reconstruction and homogeneous datasets that contain images

generated from each model.  The third step assesses whether heterogeneous structures can be

identified and differentiated  during the  ab initio reconstruction  without  reference  images.  To

facilitate this test, simulated images from the second and third models are mixed into one dataset

to  test  the  reconstruction's  ability  to  identify  heterogeneity  induced  by  two  homogeneous



nanostructures with different molecular packing. The final test examines whether the location

from which images are extracted affects the accuracy in identifying heterogeneity and resolving

correct molecular packing. This is achieved by simulating images from various locations on a V-

shaped antiparallel model, as indicated by the yellow and blue dashed boxes in Figures 3E and

3F.  The examples  of simulated images,  obtained after  applying the appropriate  experimental

electron optical conditions and doses, are shown in Figures S3 to S5.

Figure 4 shows simulated images corresponding to the strategy for selecting images that

mimic experimental conditions. The atomic model, depicted in Figure 4A, shows three cycles

indicating the rotation directions used in the image simulation; water molecules are omitted for

clarity. The image simulation involved assigning random rotation angles to the atomic model in

CryoSPARC. Figure 4B shows the 3D angular distribution of the simulated images, which was

exported from CryoSPARC and generated in Chimera.[74] Each cylinder represents a rotation

angle,  with  the  height  varying  proportionally  to  the  relative  number  of  images  contain  the

structure projected at that angle. Colors indicate the image count at each angle: red signifies a

higher number, as shown on the color bar.

The simulated images were processed in 2D classification to sort the orientations of the

atomic model. In experimental conditions, the freedom of fibers in the thin vitreous ice is more

restricted than in the simulations. Most fibers prefer the in-plane orientation with the rotation

along the long axis, which is the  c direction. Classes that contain projection views of the  a-c

plane, showing the featured spacings between two rows of molecules (24Å) as bright lines, are

selected 2D classification, as shown in Figure 4D. Figure 4E displays the corresponding angular

distribution of the selected classes, where projections of the  a-b plane are excluded to better



replicate experimental conditions. Simulated images from three models, including surrounding

water molecules, are used to test reconstructions of different models in subsequent steps.

Figure 5 presents the results of the 3D reconstruction of homogeneous structures after ab

initio reconstruction and homogeneous refinement in CryoSPARC. The angular distribution and

Fourier Shell Correlation (FSC) are detailed in Figure S6. The slice views of the bilayer model

reconstruction are depicted in Figures 5A and 5B. In Figure 5A, the bright regions in the  a-c

plane represent the end views of glycine backbones and side chains arranged in V-shaped rows.

Two arrows, labeled 1 and 2, point to the two layers, with corresponding b-c planes shown in

Figure 5B. These slices clearly exhibit the distinct orientation of molecules in the two layers. The

reconstructions of models with parallel and antiparallel V-shaped packing are shown in Figures

5C to  5F.  The  parallel  V-shaped  packing,  where  molecules  appear  as  electron-dense  bright

regions,  is  clearly  visualized  in  the  a-c plane  in  Figure  5C,  while  the  b-c plane  shows the

alignment of molecular rows, identical to the atomic model (Figures 2 and S2). Similarly, the

rows of molecules arranged in antiparallel  V-shaped packing are distinctly visible in the  a-c

plane in Figure 5E, with the same arrangement observable in the  b-c plane in Figure 5F. The

results  from different  homogeneous  fiber  structures  suggest  that  single  particle  analysis  can

accurately  reconstruct  homogeneous  nanostructures  formed  by  polypeptoids  using  a  limited

number of projections from restricted projection angles. Compared to the angular distribution of

simulated images, the angular distribution of projections used to reconstruct the final 3D map

differs, ( Figure S7). This indicates that the 3D reconstruction did not simply utilize the original

Euler  angles assigned to the simulated images  but instead refined the angular distribution to

achieve  the  final  reconstruction  and  simulate  experimental  conditions.  However,  the  3D

reconstruction  is  not  able  to  completely  recover  the  original  orientations,  leading  to  lower



resolution in the reconstructed structure, similar to scenarios encountered in experimental data

processing which are usually less than ideal conditions.

Although the reconstruction of homogeneous structures demonstrates high fidelity and

accuracy,  the  subsequent  question  concerns  whether  it  can  also  identify  the  presence  of

heterogeneous fiber structures. To test this, simulated images generated from two single layer

models,  parallel  and antiparallel  V-shaped packings,  were combined into a  mixed dataset  to

simulate  the  prence  of  heterogeneity.  The  ab  initio reconstruction  of  the  structures  with

inhomogneity is displayed in Figure 6. Two initial structures were generated using CryoSPARC,

with their angular distributions shown in Figure S8. As depicted in Figure 6A, the first initial

reconstruction  exhibits  antiparallel  packing  in  the  a-c  plane  and  opposing  directions  of

neighboring rows in the b-c plane. The second initial reconstruction, clearly showing antiparallel

packing  in  the  a-c plane  and  opposing  directions  of  neighboring  rows  in  the  b-c plane,  is

presented in Figure 6B. The ab initio reconstruction successfully identifies the heterogeneity and

reconstructs the structures separately. This suggests that the experimental data primarily shows

homogeneous fiber structures, as the  ab initio reconstruction produced a single structure even

though more initial structures were prompted at this stage.

The final test examines whether the location from which structures are extracted along

fibers impacts the reconstruction results. Two sets of simulated images, generated from different

locations on an antiparallel V-packing model, were mixed to form the test dataset (Figures S9

and  S10).  The  same  ab  initio reconstruction  process  was  applied  to  detect  potential

heterogeneity, with results shown in Figure 7. Figure 7A shows the antiparallel packing in the a-

c plane, with the opposing directions of neighboring rows visualized in the b-c plane. The second

initial  structure  is  depicted  in  Figure  7B.  No  distinct  structure  emerged  from the  ab  initio



reconstruction since the fiber structure is homogeneous and was correctly reconstructed in Figure

7A. The reconstruction result indicates that the location of fiber extraction does not significantly

affect the ab initio 3D reconstruction.

Conclusions:

In this study, we successfully employed a combination of MD simulations and image

simulations  to  validate  the  fidelity  of  cryo-TEM  3D  reconstructions  of  self-assembled

polypeptoid fibril nanostructures. This approach leverages advanced techniques to bridge the gap

between  theoretical  models  and  experimental  verification,  demonstrating  significant

advancements in the field of cryo-TEM imaging of synthetic polymers. Three atomic models,

designed based on prior cryo-TEM experimental results, featured different molecular packings

and were constructed and relaxed to enhance the realism of image simulations. CryoSPARC, a

well-established  software  package,  was  utilized  for  image  simulation,  2D classifications,  ab

initio reconstruction, and homogeneous refinement, ensuring high accuracy and reliability in our

simulation processes. We tested three key hypotheses. The first test is the recovery of molecular

details.  The  ab  initio  reconstruction  and  homogeneous  refinement  successfully  recovered

complicated  molecular  details,  including  chain  conformation  and  arrangement,  from images

generated at limited projection angles of fibril structures (Figure S11). This result  proves the

accuracy  of  the  single  particle  analysis  in  capturing  complex  molecular  geometries  in  self-

assembled  structures.  The  second  test  is  the  identification  of  heterogeneous  structures.  We

examined the capability to detect heterogeneous fibril structures by reconstructing a mixture of

images from two distinct molecular packings. The ab initio reconstruction effectively separated

the mixed structures and accurately depicted  two molecular  packings with precise molecular

details. The final test is the influence of extraction location. We explored whether the location of



structure extraction along the fibers impacts the reconstruction results. The findings indicate that

the extraction location does not affect the ability to resolve the correct fibril structures.

These results highlight that the 3D reconstructions of fibril nanostructures using single

particle analysis in CryoSPARC exhibit exceptional accuracy and fidelity in resolving structural

details at the molecular level. This study validates our methodological approach and enhances

the  reliability  of  single  particle  analysis  as  a  promising  tool  in  the  study of  self-assembled

crystalline fibers. Moreover, this work will shed light on the path for future applications of single

particle  3D reconstruction  across  other  polymer  nanostructures  and  aid  in  the  accurate  and

confident interpretation of complex molecular assemblies, where precise structural insights are

required.
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Figure 1. A. Chemical structure of peptoid Ndc10-b-Nte10 with urea, B. Cryo-TEM image shows

the morphology of nanofibers formed by Ndc10-b-Nte10. C. The slice view of the a-c plane in the

3D reconstruction of the Ndc10-b-Nte10 nanofibers. D. The slice view of the b-c plane, and E. the

slice view of the  b-a plane.  The bright  region in  slices represent  the electron dense peptoid

molecules (the crystallized Ndc block).



Figure 2. Three atomic models of the nanofiber structure obtained from MD simulations. A. The

first configuration features a bilayer fibril structure composed of two segments, each formed by

six rows of peptoid molecules arranged in parallel V-shaped packing with aliphatic side chains

emanating from the cis glycine backbones. The two segments are oriented oppositely, with the

V-shaped side chains at the end of one segment facing those at the end of the other, as indicated

by the boxed region (close to experimental results). B. The second configuration is a single layer

fibril structure comprising six rows of molecules arranged in parallel V-shaped packing. C. The

third configuration is a single layer fibril structure with six rows of molecules arranged in an

antiparallel V-shaped packing. Only the crystallized Ndc blocks are shown. The  b-c planes of

three models are displayed in the right columns as D, E and F, respectively. 



   

Figure 3. Slice views of potential maps obtained from different atomic models. A. The a-c and,

B. b-c  planes of the bilayer fiber structure, two slices of  b-c planes corresponding to locations

indicated by arrows, are shown in the bottom row. C. The a-c and,  D. b-c planes of the single

layer fiber structure with parallel V-shaped packing; a slice of  b-c plane corresponding to the

location indicated by the arrow is shown in the bottom row. E. The a-c and, F. b-c planes of the

single layer fiber structure with antiparallel V-shaped packing; a slice of b-c plane corresponding

to the location indicated by the arrow is shown in the bottom row. The black regions in the

images represent vacuum areas, while the disordered bright spots around the ordered Ndc blocks

in fiber structures are water molecules and Nte blocks, which are amorphous in water.



Figure 4. Strategy for image simulations.  A. The schematic view illustrates the rotations of an

atomic model during image simulation. The hydrophilic blocks (Nte) and hydrophobic blocks

(Ndc) are depicted in blue and green, respectively. The arrow indicates the projection direction.

B.  The  2D  classification  result  obtained  after  sorting  the  simulated  images.  C.  Angular

distribution of the simulated images, where the red column indicates a larger number of images

and the blue column a smaller  number of  images  at  each projection  angle.  D.  The selected

classes  from the 2D classification  are shown in B.  E.  Angular  distribution  of  the  simulated

images within the selected classes.



Figure 5. Slice views of reconstructed maps obtained from simulated images after homogenous

refinement in Cryosparc. A. The a-c and, B. b-c planes of the bilayer fiber structure, two slices of

b-c planes corresponding to locations indicated by arrows, are shown in the bottom row. C. The

a-c and, D. b-c planes of the single layer fiber structure with parallel V-shaped packing; a slice of

b-c plane corresponding to the location indicated by the arrow is shown in the bottom row. E.

The a-c and, F. b-c planes of the single layer fiber structure with antiparallel V-shaped packing; a

slice of  b-c plane corresponding to the location indicated by the arrow is shown in the bottom

row. The ordered Ndc blocks are brighter (electron dense) as compared to amorphous Nte blocks

and surrounding water molecules. The gray corner regions in images are caused by the circular

mask applied during reconstruction.



Figure  6. Slice  views  of  reconstructed  maps  obtained  from a  mixture  of  simulated  images

obtained from single layer parallel and anti-parallel V-shaped fiber structures after the ab initio

reconstruction.  A. The a-c (top) and b-c (bottom) planes of the single layer fiber structure, two

slices of b-c planes corresponding to locations indicated by arrows, are shown in the bottom row.

B.  The  a-c (top) and  b-c (bottom) planes of the single layer fiber structure with single layer

antiparallel V-shaped packing; a slice of b-c plane corresponding to the location indicated by the

arrow is shown in the bottom row. The ordered Ndc blocks are brighter (electron dense) as



compared to amorphous Nte blocks and surrounding water molecules. The gray corner regions in

images are caused by rotating images to the same angle.



Figure  7. Slice  views  of  reconstructed  maps  obtained  from a  mixture  of  simulated  images

generated at the different location on the fiber with single layer antiparallel V-shaped packing

after the ab initio reconstruction.  A. The  a-c (top) and b-c (bottom) planes of the bilayer fiber

structure, two slices of b-c planes corresponding to locations indicated by arrows, are shown in

the bottom row. B. The a-c (top) and b-c (bottom) planes of the single layer fiber structure with

parallel V-shaped packing; a slice of  b-c plane corresponding to the location indicated by the

arrow is shown in the bottom row. The ordered Ndc blocks are brighter (electron dense) than

amorphous Nte blocks and surrounding water molecules. The gray corner regions in images are

caused by rotating images to the same angle.
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Molecular  dynamics  (MD)  and  image  simulations  were  used  to  validate  the  accuracy  of

cryogenic transmission electron microscopy (cryo-TEM) 3D reconstructions of polypeptoid fibril

nanostructures. We examined molecular detail recovery, structural heterogeneity, and the effect

of extraction location. The findings demonstrate that single particle analysis effectively resolves

complex geometries and heterogeneity in synthetic polymers.




