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Materials

N-(9-fluorenylmethoxycarbonyl)-; -phenylalanine- -tryptophan-; -serine (Fmoc--FWS, >98%), N-
(9-fluorenylmethoxycarbonyl)-p-phenylalanine-p-tryptophan-p-serine (Fmoc-p-FWS, >98%), N-(9-
fluorenylmethoxycarbonyl)- -phenylalanine-; -phenylalanine-, -serine  (Fmoc-FFS, >98%), N-(9-
fluorenylmethoxycarbonyl)- -phenylalanine-, -tryptophan- -lysine (Fmoc- -FWK, >98%), N-(9-
fluorenylmethoxycarbonyl)- -phenylalanine-; -phenylalanine-, -lysine (Fmoc-.-FFK, >98%), N-(9-
fluorenylmethoxycarbonyl)- -phenylalanine-, -tryptophan- -arginine (Fmoc--FWR, >98%), and N-
(9-fluorenylmethoxycarbonyl)- -phenylalanine-, -phenylalanine- -arginine  (Fmoc-.-FFR, >98%)
were synthesized from GL Biochem Ltd. (Shanghai, China); (R)-(—)-2-methylpiperazine, (S)-(+)-2-
methylpiperazine, and Thioflavin T were purchased from Sigma-Aldrich (Shanghai, China);
Coumarin 6, and Acid Red 52 were purchased from J&K Scientific Ltd. (Beijing, China); Sodium
hydroxide, Tetraphenylethylene, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were purchased from
the Aladdin Reagent Corporation (Shanghai, China).

Preparation of the Fmoc-Tripeptide Hierarchical Helical Arrays.

To prepare the Fmoc-tripeptide hierarchical helical arrays, we first dissolved the Fmoc--FWS
molecules in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), a highly polar solvent, at a concentration of
1.42 mol L' and dissolved the (S)-(+)-2-methylpiperazine molecules in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) at a concentration of 4 mol L' at 20 °C. Then, 5 pL of (S)-(+)-2-methylpiperazine
solutions were added to 35 pL of Fmoc--FWS solutions. After shaking for 1.5 min, the mixtures
were allowed to stand for 30 minutes at 20 °C. Then, 10 pL of the solutions were dropped on a glass
substrate. The sample was placed in the vacuum desiccator and vacuumed for 2 minutes to form the

amorphous film. Finally, The glass was stuck on the top of a chromatographic bottle then put the



bottle in a screw-cap vial involving 3 ml ddH,O. The thin films were further annealed at 80 °C for 12
h without any disturbance. For the other Fmoc-tripeptides or the other ratio of the Fmoc-tripeptide/2-
methylpiperazine, the peptide assemblies were obtained following the similar preparation procedure

of Fmoc- -FWS as described above.

Preparation of the Peptide Films with the Circularly Polarized Luminescence.

To prepare the Fmoc-tripeptide films with the circularly polarized luminescence, we first dissolved
the Fmoc-.-FWS molecules in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), at a concentration of 1.42
mol L, the (S)-(+)-2-methylpiperazine molecules in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at a
concentration of 4 mol L, and Thioflavin T molecules in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
at a concentration of 0.029 mol L-'at 20 °C. Then, 5 pL of (S)-(+)-2-methylpiperazine solutions were
added to 35 pL of Fmoc-.-FWS solutions. After shaking for 1.5 min, 1.5 uL Thioflavin T solutions
were added to the mixed solutions of Fmoc-.-FWS and (S)-(+)-2-methylpiperazine. And the mixtures
were allowed to stand for 30 minutes at 20 °C after shaking for 1.5 min. Then, 10 puL of the solutions
were dropped on a glass substrate. The sample was placed in the vacuum desiccator and vacuumed
for 2 minutes to form the amorphous film. Finally, The glass was stuck on the top of a
chromatographic bottle then put the bottle in a screw-cap vial involving 3 ml ddH,O. The thin films
were further annealed at 80 °C for 12 h without any disturbance. For the other Fmoc-tripeptide or the
achiral fluorescent molecules, the peptide assemblies were obtained following the similar preparation
procedure of Fmoc- -FWS with Thioflavin T as described above. However, the tetraphenylethylene

was dissolved in the dichloromethane.



Preparation of the Peptide Aqueous Solutions Containing Various Peptides and Dyes.

To prepare the Fmoc-tripeptide solutions containing various peptides and dyes, we first dissolved the
Fmoc- -FWS molecules in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at a concentration of 1.42 mol
L1, the (S)-(+)-2-methylpiperazine molecules in HFIP at a concentration of 4 mol L', and Thioflavin
T molecules in HFIP at a concentration of 0.029 mol L' at 20 °C. Then, 5 pL of (S)-(+)-2-
methylpiperazine HFIP solution were added to 35 pL. of Fmoc-.-FWS HFIP solution. After shaking
for 1.5 min, 1.5 pL. Thioflavin T HFIP solution was added to the mixed HFIP solution of Fmoc-;-
FWS and (S)-(+)-2-methylpiperazine. Finally, 10 pL of the resulting mixture solution was added into
990 pL ddH,O. For the other Fmoc-tripeptide with the achiral fluorescent molecules, the aqueous
solutions were obtained following the similar preparation procedure of Fmoc- -FWS with Thioflavin

T as described above.

Molecular Dynamics Simulation.

The MD simulation was performed with Gromacs 2019.6 software package ! under Amber99SB-ildn
force field 2. The structures containing 48 Fmoc-.-FWS or Fmoc-,-FFS molecules were constructed
with PyMOL 3. Then the boxes were filled with spc water , and sodium ions were added into the
system to maintain electrical neutrality. Then the energy-minimization stage was performed for 5000
steps with steepest descendant algorithm, followed by production simulation stage for 40 ns under
NPT ensemble. The MD simulation trajectories were analyzed with Gromacs tools, Visual Molecular

Dynamics ° and MDAnalysis python package.



Coarse-Grained Molecular Dynamics Simulation.

The CG-MD simulation was performed with Gromacs 2019.6 software package ' under MARTINI
v2.2 force field.* The Fmoc- -FWS, Fmoc-.-FFS and coumarin molecules were firstly pretreated into
coarse-grained style, and the corresponding topology files were generated. Then, fifty Fmoc- -FWS
or Fmoc--FFS molecules were randomly placed into cubic box with side length of 8 nm, separately,
and five coumarin molecules were further added into both systems. Each box was consequently filled
with both polarized and unpolarized MARTINI water molecules with a radius of 0.21 nm, and then
the system was energy-minimized for 5000 steps with steepest descendant algorithm to reach energy
minimum point, and thus undergone CG-MD production simulation for 2 pus under NPT ensemble.

The CG-MD simulation trajectories were analyzed with Gromacs tools, Visual Molecular Dynamics

TDDFT Calculation.

Fluorescence of coumarin was calculated with Gaussian 09 7. The molecular structures of coumarin
were extracted from CG-MD trajectory backward, and geometrically optimized under B3LYP
method ® and 6-31G* basis °. The excited states were calculated by Time-Dependent Density
Functional Theory (TDDFT) method '° and 6-311G* basis ?, and fluorescence emission spectrum was

analyzed and generated with Multiwfn ''.

Characterization Methods.

The morphologies and structures of the Fmoc-tripeptide self-assemblies were investigated using
scanning electron microscopy (SEM, Hitachi S-4800, Japan) at an acceleration voltage of 5 kV. The

samples were sputter-coated with platinum using an E1045 Pt-coater (15 mA, 100 s). The structures



of the protofilaments were recorded by using the transmission electron microscopy (TEM, JEM-
2100F, Japan) at an acceleration voltage of 200kV. Specifically, the Fmoc--FWS film was
ultrasonically dispersed in 6 ml ddH,O. Then, 10 pL of the sample was dropped on the surface of the
ultra-thin carbon film carrier screen. After drying, it was stained with a 1% phosphotungstic acid
aqueous solution (pH = 6). Circular Dichroism (CD) analysis was employed on a J-810 CD
spectropolarimeter (Jasco Inc., Japan). The spectra were collected over a wavelength range of 200—
700 nm. The data were recorded with a scanning speed of 500 nm min"' with bandwidth of 2 nm.
Circularly Polarized Luminescence (CPL) spectra were obtained by using a CPL-200 (Jasco Inc.,
Japan). The data were recorded with a scanning speed of 100 nm min' with bandwidth of 1 nm. The
digital integration time (D.I.T.) is 4.0 s with multiple accumulations (15 times or more). Vibrational
Circular Dichroism (VCD) and IR spectra were employed on a ChiralIR-2X Fourier transform VCD
(FT-VCD) spectrometer (BioTools, Inc, Jupiter, Florida, USA). The data were recorded with the
scans per block of 2000 nm over a wavelength range of 500-4000 cm'. VCD and IR spectra were
acquired for 0.5-1 hours at 4 cm! spectral resolution. In order to eliminate the influence of linear
polarization on the authenticity of the test data, we rotated the sample during CD, CPL, and VCD
testing. The fluorescence spectrophotometer (Agilent Inc., U.S.) was used for fluorescence analysis
of each dye solution: 2 mL sample solution was pipetted into the path-length quartz cuvette. For self-
assembly fluorescence, the excitation wavelength was set at 265 nm with a slit of 5 nm, and the
emission wavelength was set at 400-800 nm with a slit of 5 nm. All fluorescence spectra were tested
at 25°C. Small-angle X-ray diffraction (XRD) measurements were performed using a Smartlab
system with a Cu/Ka radiation source (A = 1.5406 A) for small angle diffraction (0.5°-5°) with a

scanning speed of 0.5° min~'. In situ X-ray scattering measurements were carried out at beamline



1W2A of the Beijing Synchrotron Radiation Facility (Beijing, China). Mar165-CCD was set at 235.6
mm sample—detector distance. The wavelength of the radiation source was A = 1.54 A. The quantum
yield of the peptide/coumarin 6 films and isolated coumarin 6 solutions (ImM) were measured using
the integrating-sphere method in FLS1000 (Edinburgh Instruments, England). The excitation was set

to 350 nm, and the luminescence range was set to 330-700 nm.
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Figure S1. A photograph of the reaction device.
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Figure S2. Statistical width, height, and helical pitch of the Fmoc-.-FWS and Fmoc-.-FFS HHAs.
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Figure S3. (a, ¢) Fmoc-.-FWS and (b, d) Fmoc-.-FFS HHAs orientation distribution curves and

images.

Figure S4. SEM images of the HHAs formed by (a) Fmoc-FWK, (b) Fmoc-FWR, (c¢) Fmoc-FFK,
and (d) Fmoc-FFR with the (S)-(+)-2-Methylpiperazine after water vapor annealing at 80 °C for 12h,

respectively.



Figure S5. SEM images of the (a-d) Fmoc-L.-FWS, and (e-h) Fmoc-.-FFS films formed with different
ratios of tripeptide derivatives and (S)-(+)-2-Methylpiperazine after water vapor annealing at 80 °C
for 12h, respectively.

Figure S6. SEM images of the (a) Fmoc-.-FWS and (b) Fmoc-.-FFS films formed without diamines

after water vapor annealing at 80 °C for 12h, respectively.

Figure S7. SEM images of the assemblies formed by (a) Fmoc-.-FWS, and (b) Fmoc-.-FFS when
the ratio of Fmoc-tripeptide derivatives and (R)-(-)-2-Methylpiperazine was 2.5:1 after water vapor
annealing at 80 °C for 12 h, respectively.



Figure S8. (a) Schematic illustrations of the Fmoc-.-FWS HHAs as a function of incubation time.

(b-g) SEM images of the HHAs formed by Fmoc-.-FWS at different incubation time after water
vapor annealing at 80 °C.
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Figure S9. Wide angle X-ray diffraction (WAXD) curves of (a) Fmoc-.-FWS and (b) Fmoc-.-FFS

films formed after water vapor annealing at 80 °C for 12 h, respectively.
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Figure S10. HT spectra of the Fmoc-L.-FWS and Fmoc-.-FFS films formed after water vapor
annealing at 80 °C for 12 h, respectively.

Figure S11. Molecular dynamic simulations of (a) Fmoc-.-FWS self-assembling into right-handed

helical arrays and (b) Fmoc-1-FFS self-assembling into left-handed helical arrays.
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Figure S12. Number of hydrogen bonds during simulation period of (a) Fmoc-.-FWS inside peptide
group and (b) between peptide and water, (c) Fmoc-1-FFS inside peptide group and (d) between
peptide and water. On the one hand, the five-member ring and the phenyl ring of the indole side chain
constituted a bigger steric barrier so that the peptide tend to form a local right-handed secondary
structure, leading to the formation of right-handed helical nanostructures. On the other hand, number
of hydrogen bonds during the simulation period was analyzed. The side chain of tryptophan in Fmoc-
L-FWS contains a nitrogen atom that could form hydrogen bonds with water, and the stronger
hydrogen bonding interactions had a vital effect on the handedness during the self-assembly process

of Fmoc-.-FWS assemblies, leading to the formation of right-handed helical fibers.
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Figure S13. Root Mean Square Deviation (RMSD) during simulation period of Fmoc-.-FWS and
Fmoc-1-FFS systems. The Root Mean Square Deviation (RMSD) of each system during the MD

simulation period was calculated against simulation time.



Figure 14. n-n stacking interactions between the side chain of two adjacent (a) Fmoc-.-FWS or (b)
Fmoc-1-FFS molecules among two identical layers. Hydrogen bond interactions between the side
chains of two adjacent (c) Fmoc-L.-FWS or (d) Fmoc-L-FFS molecules. Both mid-position peptides
could form hydrogen bonds with water through side chains. The nitrogen atom of tryptophan in Fmoc-
L-FWS forms an extra hydrogen bond with a water molecule (as the red arrow indicated). These
results showed that aromatic stacking and the hydrogen bond between the side chain and water

molecules may play a key role in the assembly behavior.

- o

Figure S15. TEM images of the Fmoc-L-FWS right-handed helical fibers assembled after water vapor
annealing at 80 °C for 12 h.
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Figure S16. Molecular Structure of the achiral fluorescent molecules: tetraphenylethylene,

thioflavin T, coumarin 6, acid red 52.

Figure S17. SEM images of the HHAs formed by (a-d) Fmoc-.-FFS, (e-h) Fmoc-.-FWS with
different achiral fluorescent molecules in the films: (a, ) TPE, (b, f) thioflavin T, (¢, g) coumarin 6,

and (d, h) acid red 52, respectively.
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Figure S18. The gum spectra of the Fmoc-.-FFS, Fmoc-.-FWS, and Fmoc-p-FWS with different dye
molecules and AIE molecules: (a) thioflavin T, (b) coumarin 6, (c) acid red 52, and (d)

tetraphenylethylene, respectively.
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Figure S19. CPL spectra of the Fmoc-.-FFS/THT films. We rotated the quartz plate for 45° clockwise
and the data was recollected. After rotating the quartz plate for 8 times, we collected a set of spectra

(a). To further eliminate linear dichroism artefacts, the spectra in (a) were then averaged to give a



single CPL curve that was suitable for secondary structural analysis (b). (¢, d) DV data during the
CPL collection at different wavelength, indicating there were little scattering and absorption artefacts.
When the film was rotated by eight angles, there was no obvious difference in the CPL spectrum
except for a little intensity difference, indicating that the CPL signal was caused by the chiral

arrangement of the achiral fluorescent dyes rather than the polarized emission.
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Figure S20. Quantum yields (QYs) of the (a) Fmoc-tripeptides/coumarin 6 films and (b) isolated

coumarin 6 solutions.
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Figure S21. Photographs of the Fmoc-.-FWS, and Fmoc-p-FWS with different different dye
molecules and AIE molecules: under irradiation at 365 nm. Blue, blue-green, green, and red CPL

were obtained with tetraphenylethylene, thioflavin T, coumarin 6, and acid red 52, respectively.
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Figure S22. (a-d) CD, (e-h) HT, (i-1) Abs, and (m-p) PL spectra of the Fmoc-.-FFS or Fmoc-.-FWS
with different achiral fluorescent molecules: (a, e, i, m) TPE, (b, f, j, n) thioflavin T, (c, g, k, 0)

coumarin 6, and (d, h, 1, p) acid red 52, respectively.
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Figure S23. CD spectra of the (a-b) Fmoc-.-FWS/TPE, and (c-d) Fmoc-.-FFS/TPE films. We rotated
the quartz plate for 60° clockwise and the data was recollected. After rotating the quartz plate for 6

times (a, ¢) and flipping the quartz plate (b, d), we collected a set of spectra. When the film was

rotated by six angles, there was no obvious difference in the CD spectrum except for a little intensity

difference. The results indicated that there were little scattering and absorption artefacts.
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Figure S24. Fourier transform infrared spectroscopy and vibrational circular dichroism spectroscopy

of the Fmoc-.-FWS and Fmoc-.-FFS assemblies with different dye molecules in the films: (a)

thioflavin T, (b) coumarin 6, and (c) acid red 52, respectively.



Figure S25. Photographs of the Fmoc-.-FWS, and Fmoc-.-FFS aqueous solutions with different
fluorescent dyes: (a1) Fmoc-.-FWS/THT, (a2) Fmoc-.-FWS/coumarin 6, (az) Fmoc-.-FWS/acid red
52, (a4) Fmoc-.-FFS/THT, (as) Fmoc-1-FFS/coumarin 6, (as) Fmoc-1-FFS/acid red 52, respectively.
The upper images were obtained in room light, and the fluorescent photographs in the second row

were obtained under 365 nm UV lamp excitation.

Figure S26. SEM images of the (a-c) Fmoc-.-FWS or (d-f) Fmoc-.-FFS nanohelices with different

achiral fluorescent molecules in the aqueous solutions: (a, d) thioflavin T, (b, €) coumarin 6, and (c,

f) acid red 52, respectively.
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Figure S27. The CPL spectra and DC spectra of the (a) Fmoc-.-FWS, (b) Fmoc-p-FWS, and (c)

Fmoc-1-FFS with THT in the aqueous solutions, respectively.
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Figure S28. The gium spectra, CPL spectra, and DC spectra of the (a) Fmoc-.-FWS, (b) Fmoc-p-FWS,

and (¢) Fmoc-.-FFS with coumarin 6 in the aqueous solutions, respectively.
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Figure S29. The gium spectra, CPL spectra, and DC spectra of the (a) Fmoc-.-FWS, (b) Fmoc-p-FWS,

and (c¢) Fmoc-.-FFS with acid red 52 in the aqueous solutions, respectively.

(@) 1000 (b) 300 (€) 1000
- - -
S 800 S S 800
L) & 200 «
> 6004 = =~ 600
(7] " 7] (%] J
c 400 £ 1004 c 400
e 2 e
£ 200 j= £ 200
400 450 500 550 600 400 420 440 460 480 500 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure S30. Fluorescence spectra of the dye aqueous solutions: (a) thioflavin T, (b) coumarin 6,
and (c) acid red 52, respectively.
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