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Abstract

Materials made of assembled biomolecules such as amino acids have drawn much attention
during the past decades. Nevertheless, research on the relationship between the chemical
structure of building block molecules, supramolecular interactions and self-assembled
structures is still necessary. Herein, the self-assembly and the co-assembly of
fluorenylmethoxycarbonyl (Fmoc)-protected aromatic amino acids (tyrosine, tryptophan and
phenylalanine) were studied. The individual self-assembly of Fmoc-Tyr-OH and Fmoc-Phe-
OH in water formed nanofibers, while Fmoc-Trp-OH self-assembled into nanoparticles.
Moreover, when Fmoc-Tyr-OH or Fmoc-Phe-OH was co-assembled with Fmoc-Trp-OH, the
nanofibers were transformed into nanoparticles. UV-Vis, FTIR and fluorescence spectroscopy
were used to investigate the supramolecular interactions leading to the self-assembled
architectures. n-nt Stacking and hydrogen bonding were the main driving forces leading to self-
assembly of Fmoc-Tyr-OH and Fmoc-Phe-OH forming nanofibers. Furtherly, a mechanism
involving a two-step co-assembly process is proposed based on nucleation and
elongation/growth to explain the structure transformation. Fmoc-Trp-OH acted as a fiber
inhibitor to alter the molecular interactions in the Fmoc-Tyr-OH or Fmoc-Phe-OH self-
assembled structures during the co-assembly process, locking the co-assembly in the nucleation
step and preventing the formation of nanofibers. This structure transformation is useful for
extending the application of amino acid self- or co-assembled materials to different fields. For
example, the amino acids forming nanofibers can be applied for tissue engineering, while they

can be exploited as drug nanocarriers when they form nanoparticles.



Introduction

In the context of supramolecular chemistry, the self-assembly of molecules driven by different
non-covalent interactions has been deeply exploited during the past decades.! Various building
blocks, ranging from inorganic and organic molecules to biomacromolecules, can self-
assemble. This has impacted many different fields, including biomedicine, materials science,
optics, catalysis and energy.>* The functions and features of self-assembled materials depend
on each of the individual building block. In addition, the functionalization of these blocks can
endow the self-assembled structures with different functionalities. Because of the limitations
of artificial/synthetic blocks like low biocompatibility and non-negligible toxicity in
applications of self-assembled materials in the biomedical field, more and more focus has been
given on biomolecular bricks.> Amino acids, fundamental molecules in life, can exhibit the
capacity of self-assembly besides their biological functions. Thanks to the advantages of good
biocompatibility and easy modification, various nanomaterials formed from the self-assembly
of amino acid derivatives have been designed for a wide range of applications, such as drug
delivery, 3D cell culture matrix and biosensing.5® The study of the self-assembly process can
help to reasonably design amino acid derivatives to regulate the functions and features of the
final materials. A typical example is to introduce the Fmoc group into the amino acid structure,
which is a common protecting group for amines and widely used in peptide synthesis. By
providing additional n-w stacking and hydrophobic interactions, the Fmoc group can improve
the self-assembly capacity of amino acids. Indeed, self-assembly studies involving Fmoc-
protected amino acids and peptides attracted many attentions in the recent years. For example,
Fmoc-protected proline, histidine, alanine and leucine can form nanofibers driven by n-x
stacking, hydrogen bonds and hydrophobic interactions, resulting in hydrogels into which
silver nanoparticles were synthesized for antibacterial use.® In another work, Fmoc-protected
cysteine self-assembled into nanoparticles driven by the coordination with Fe®** ions.1? The
nanoparticles exhibited enzyme-like properties when modified by a phthalocyanine-based
photosensitizer, and were used for the treatment of hypoxic cancers. Besides, many researches
regarding the self-assembly of Fmoc-protected dipeptides were also reported, and their
assembly mechanism and potential applications were explored.***? Various dipeptides with
Fmoc protection, including Fmoc-diphenylalanine,** Fmoc-dialanine,** Fmoc-tyrosine-leucine,
Fmoc-tyrosine-alanine, Fmoc-tyrosine-serine,® can self-assemble into many different
structures such as nanoparticles, nanofibers and micelles. Moreover, it is believed that the
nature of the peptide side chains can profoundly affect the assembled structures.

Alternative to self-assembly, the co-assembly by two or more components forming one
structure has emerged as a robust strategy. Compared with the individual self-assembly,
multifunctional materials with enhanced properties can be constructed by introducing building
blocks with different functions without additional functionalization. Similarly, the co-assembly
of amino acids has also drawn much attention. The co-assembly of amino acid enantiomers,
such as /p-phenylalanine and |/p-tryptophan, showed enhanced mechanical strength and



different structures, compared to pure enantiomers.® Co-assembling drugs or imaging probes
with Fmoc-protected amino acids allowed to form materials with a high drug loading efficiency
and new properties for diagnosis.'” All these works emphasize that the powerful co-assembly
strategy can have broad application prospects in the biomedical field. Apart from co-assembly,
materials assembled by two or more components can also be a result of another aggregation
process, which is called self-sorting, depending on the different phase separation modes of the
components occurring at the early stage of the assembly process.!® If each separated phase
contains all the components, co-assembly will happen, where the components collectively form
one structure, as previously mentioned. In contrast, individual phase separation of each
component leads to self-sorting. In this case, each component assembles separately and
generates a material with a hybrid structure.® Same as the co-assembly, the self-sorting can
also regulate the properties of materials, especially hydrogels. For instance, double network
hydrogels were formed by self-sorting of photoresponsive peptides and lipids. Due to the self-
sorting, the hydrogels could still sustain based on the lipid nanofibers when the peptide
nanofibers selectively disassembled under irradiation. Self-sorting helped to generate out-of-
equilibrium patterns by reconstruction of disassembled peptide nanofibers in the hydrogels.?°
Self-sorting also enables components to separately in situ self-assemble into cells and target
different intracellular parts, which is impossible for co-assembly strategies. For instance, by
respectively adding targeting moieties of the endoplasmic reticulum and Golgi apparatus to
two peptides, the peptide could separately self-assemble in situ in the proximity of the two
organelles and cause dysfunction.?* Besides, the interconversion between co-assembly and
self-sorting by changing conditions has also been reported. Hydrogels were formed by a non-
gelling compound with an alkyl chain of different lengths and a diphenylalanine derivative
gelator. The capacity of these two components for self-sorting or co-assembly was dependent
on the length of the alkyl chain and the gelation conditions.8

Owing to the tunability of non-covalent interactions, the controllable transformation of self-
assembled structures shows great potential and advantages.?? For example, materials formed
by the self-assembly of two triblock molecules were found to evolve from micelles to
nanofibers upon irradiation at 650 nm. The triblock molecules contained a hydrophobic head
(chlorin e6 or bilirubin), a peptide linker and a polyethylene glycol tail.Z> Owing to the presence
of chlorin e6, light irradiation led to the generation of reactive oxygen species (ROS), resulting
in the degradation of bilirubin and breaking the hydrophobic core of the micelles. Consequently,
the material rearranged and formed nanofibers due to the formation of hydrogen bonds between
the peptide linkers. Notably, this transformable property gave to the material the capacity to
penetrate into solid tumours deeply at the stage of the micellar state, while keeping a long
retention time in the tumour due to the transformation into nanofibers after light irradiation,
greatly increasing the anticancer effect. Apart from the studies on material properties, studies
at the molecular level demonstrated the detailed transforming process of self-assembled
structures. Various intermediate structures changing from spherical nanoparticles to nanotubes,
then nanofibers and finally solid crystals were observed during the self-assembly process of



Fmoc-3,4-dihydroxyphenylalanine (Fmoc-DOPA). Different supramolecular interactions
dominated at these stages and led to the rearrangement of the molecules, such as hydrophobic
interactions at the beginning, n-n stacking for the intermediate nanotubes and hydrogen bonds
at the crystal stage.?* Another study detailed the self-assembly process of Fmoc-protected
amino acids, and the multiple assembly stages involving the nucleation of nanoparticles and
then the elongation into nanofibers.?®> These works described the self-assembly process of
single block with spontaneous structure transformation. However, the co-assembly process and
the triggered structural transformation involving two Fmoc-protected aromatic amino acids are
rarely explored.

n-n Stacking of the aromatic side chains of amino acids can also facilitate the assembly process
in addition to interactions with the Fmoc group. For this reason, Fmoc-protected aromatic
amino acids, namely Fmoc-Tyr-OH, Fmoc-Trp-OH and Fmoc-Phe-OH, were used as building
blocks in this work, aiming to understand both the self- and co-assembly processes.

The molecular assembly was initiated by the solvent-switch method (also called “good-bad
solvent”), a general approach for preparing various self-assembled structures.? In this strategy,
building block molecules are initially dissolved in a “good” solvent as a stock solution,
generally at high concentration, in which the blocks are in the free molecular state due to their
high solubility in the used solvent. Afterwards, a “bad” solvent is used to dilute the stock
solution, and the blocks start to self-assemble because of low solubility. Different “good/bad
solvent pairs” can be selected based on the nature of the building blocks. For example, the self-
assembly of Fmoc-diphenylalanine could be triggered by dissolving the peptide in 1,1,1,3,3,3-
hexafluoro-2-propanol followed by dilution in water, resulting in the formation of hydrogels.?’
Besides, it has been also reported that different Fmoc-protected peptides self-assembled into
various structures by dissolving in dimethyl sulfoxide (DMSO) at a high concentration
followed by dilution in water.?® Herein, two different solvent pairs, protic methanol
(MeOH)/water and aprotic DMSO/water, were used to study and compare their influence on
the assembly process. Firstly, the supramolecular interactions between the Fmoc-protected
aromatic amino acids during self-/co-assembly were studied by UV-Vis, attenuated total
reflection Fourier transform infrared (ATR-FTIR) and fluorescence spectroscopy, to explore
the reasons why these blocks have similar molecular structures, but assembled into different
structures. Next, different stages during the assembly were monitored, revealing the different
steps of the assembly process and explaining how the structures transformed from nanofibers
to nanoparticles after the co-assembly. Finally, based on the obtained results, we propose a
possible mechanism about the assembly and structure transformation. This study could help
directing molecular design to control the formation of assembled structures and meet various
requirements of applications. In addition, the structure transformation capacity of amino acid-
based supramolecular materials could greatly extend their properties and broaden their
application potentials.?®



Results and discussion

Self-/co-assembled structures of Fmoc-Tyr-OH, Fmoc-Phe-OH and Fmoc-Trp-OH and
structure transformation

The building blocks Fmoc-Tyr-OH, Fmoc-Trp-OH and Fmoc-Phe-OH used in this work
contain aromatic side chains (phenol, indole and phenyl, respectively) and the Fmoc group,
which greatly enhanced their self-assembly property in water (Figure 1). The self-assembly
and co-assembly of these blocks were performed by applying the solvent-switch protocol. For
the individual self-assembly of each block, the compound was first dissolved using an organic
solvent and then diluted by water. Due to their lower water solubility, the blocks started to
assemble. Similarly, the co-assembly was implemented by mixing the stock organic solutions
at certain amino acid ratios before dilution in water. Many studies reported that organic solvents
of different natures, such as protic or aprotic solvents, could affect the self-assembly behaviour
of building blocks by facilitating or inhibiting the formation of non-covalent bonds for instance,
generating diverse structures.33® For this reason, two organic solvents, protic MeOH and
aprotic DMSO, were individually used to dissolve the amino acid derivatives before water
dilution, and the assembled structures generated in these two solvent systems (MeOH/water
and DMSO/water) were studied. Transmission electron microscopy (TEM) revealed that in
both systems, Fmoc-Tyr-OH and Fmoc-Phe-OH self-assembled into nanofibers with tens of
nanometres in width and dozens of micrometres in length, while Fmoc-Trp-OH formed 200-
300 nm spherical nanoparticles (Figure 1 and Figure S1a). However, by mixing Fmoc-Trp-OH
with Fmoc-Tyr-OH (i.e., binary amino acid nanoparticles, named BAP-Y/W) or Fmoc-Phe-
OH (BAP-F/W), the nanofibers transformed into nanoparticles (Figure 1 and Figure S1a). In
general, nanofibers can form hydrogels, which can be exploited for tissue engineering, while
nanoparticles are widely used as carriers.33’ For this reason, this structure transformation gave
Fmoc-Tyr-OH and Fmoc-Phe-OH the potential as transporters for drug delivery. Moreover, the
same structures generated in the two solvent pairs confirmed that the organic solvents used to
dissolve amino acid derivatives had negligible influence on the assembled structures.
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Figure 1. Molecular structures of Fmoc-Tyr-OH, Fmoc-Trp-OH and Fmoc-Phe-OH, and
different structures formed from their self-/co-assembly in MeOH/water. Structure
transformation of Fmoc-Tyr-OH and Fmoc-Phe-OH after mixing with Fmoc-Trp-OH.

We suggest that Fmoc-Trp-OH drove Fmoc-Tyr-OH and Fmoc-Phe-OH to form the spherical
nanoparticles. Interestingly, even a small proportion of Fmoc-Trp-OH in the co-assembly
system is able to trigger the structure transformation. The ratios of the amino acid derivatives
were changed from 7:3 to 3:7 in BAP-Y/W and BAP-F/W groups, and only nanoparticles were
observed (Figure 2a and b). High performance liquid chromatograph (HPLC) was then
performed to analyse the composition of BAP-Y/W. The peaks of Fmoc-Tyr-OH and Fmoc-
Trp-OH were detected in BAP-Y/W with different block ratios, which confirmed the
coexistence of two Fmoc-protected amino acids in the co-assembled structure (Figure S2a).
Besides, in order to confirm the generation of nanoparticles was due to the co-assembly rather
than self-sorting, a sequential assembly process was performed to intentionally generate self-
sorting of the two amino acids and to compare the differences with the co-assembly process.



Fmoc-Tyr-OH was first allowed to self-assemble in water, and then Fmoc-Trp-OH (stock
solution in MeOH) was added to this solution for self-assembly. In this case, we observed by
TEM that the solution contained both nanofibers and nanoparticles, suggesting the self-sorting
of the two amino acids (Figure S2b). Similarly, changing the addition sequence of the two
compounds, we still observed the coexistence of both structures (Figure S2c). Hence, no
nanofibers were observed in the co-assembly conditions indicating that the two amino acids
jointly participated in forming nanoparticles and also confirming that the co-assembly with
Fmoc-Trp-OH is critical for the structure transformation of Fmoc-Tyr-OH.

Dynamic light scattering (DLS) analysis was performed to assess the size, polydispersity index
(PI) and surface charge of the self-assembled structures. Due to inappropriate mathematical
models and correlation function [Supporting Information, Equation (1)], nanofiber-like
structures with diverse lengths generally show multiple size populations, and the PI values are
usually very high. This is caused by the completely different light scattering pattern of the
nanofibers, directly affecting the intensity of the scattered light that is used to calculate the
correlation coefficient.®® The Fmoc-Tyr-OH self-assembled materials showed large values of
size and PI (> 0.6) in both MeOH/water and DMSO/water, indicating that the sample was in
the form of nanofibers with diverse size populations (Figure 2c and Figure S1b), which was in
agreement with TEM. However, BAP-Y/W with different ratios (7:3, 1:1 and 3:7) and the
Fmoc-Trp-OH self-assembled group were characterized by 200-300 nm size particles with low
Pl values (< 0.2), suggesting the formation of homogenous and monodispersed nanoparticles
(Figure 2c and Figure S1b). These results were also consistent with the TEM images. Moreover,
with the increase of Fmoc-Trp-OH proportion, the size of the nanoparticles slightly increased
(Figure 2c). We suppose that this change might result from a lower hydrophilicity of Fmoc-
Trp-OH compared to Fmoc-Tyr-OH. Indeed, the indole side chain of Fmoc-Trp-OH is more
hydrophobic than the phenol group in Fmoc-Tyr-OH. For this reason, a higher Fmoc-Trp-OH
proportion probably led to an enhanced aggregation of the molecules, resulting in larger
diameter nanoparticles. We suggest that the hydrophilic-lipophilic balance (HLB) of the
building blocks did affect the self-assembly process and the size of the obtained structures.
Besides, the surface charge of the self-/co-assembled nanomaterials was also measured (Figure
2d). All materials were characterized by a highly negative surface charge due to the existence
of free carboxyl groups. Additionally, the increase of the proportion of Fmoc-Trp-OH led to a
more negative surface charge of BAP-Y/W. The DLS analysis was also performed for the
assembly of Fmoc-Phe-OH and Fmoc-Trp-OH (Figure 2e and Figure S1b). The Fmoc-Phe-OH
self-assembled structures generated in MeOH/water and DMSO/water systems exhibited a big
size (~5 um) with a Pl value of 1, corresponding to the maximum PI value, which was
indicative of the presence of nanofiber structures. However, the DLS analysis of BAP-F/W
with different ratios of Fmoc-Phe-OH and Fmoc-Trp-OH showed 200-300 nm size and very
low PI values (< 0.1), confirming the generation of nanoparticles. Contrary to BAP-Y/W, the
addition of Fmoc-Trp-OH gradually decreased the size of the nanoparticles (Figure 2e), likely
because the indole side chain in Fmoc-Trp-OH was more hydrophilic than the phenyl ring in



Fmoc-Phe-OH. Therefore, higher Fmoc-Phe-OH proportions generated larger nanoparticles.
The zeta potential of the self-assembled structures was also highly negative, owing to the
presence of the carboxyl groups. Although the surface charge of the Fmoc-Trp-OH
nanoparticles was more negative than that of the Fmoc-Phe-OH nanofibers, there were no
differences in the zeta potential of the BAP-F/W at different ratios (Figure 2f). The similar
hydrodynamic sizes and PI values in MeOH/water and DMSO/water also confirmed that using
DMSO instead of MeOH induced no change of the assembled structures.
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Figure 2. TEM images of the co-assembled structures of (a) BAP-Y/W and (b) BAP-F/W in
MeOH/water with different ratios of amino acids. Average size, Pl and zeta potential value of
(c, d) BAP-Y/W and (e, f) BAP-F/W with different ratios in MeOH/water.

The stability of the assembled structures was subsequently tested in water over 24 h at room
temperature (Figure S3a). The solution of self-assembled Fmoc-Tyr-OH formed transparent
hydrogels because of the nanofiber structure. However, the individual self-assembled
structures of Fmoc-Trp-OH and Fmoc-Phe-OH were unstable in water. A colloidal solution
was obtained by Fmoc-Trp-OH self-assembly, but in few hours, aggregation and precipitation
occurred. Though hydrogels were obtained during Fmoc-Phe-OH self-assembly, they were
stable for only several minutes and then collapsed into a heterogeneous solution. In contrast,
BAP-Y/W were more stable than the Fmoc-Trp-OH nanoparticles, demonstrating once again
a good colloidal stability for 24 h. This was not the case for the solutions of BAP-F/W, as
precipitation was observed. These differences emphasize the significance of HBL for the
stability of the assembled structures. Owing to the hydroxyl group in the phenol side chain,
Fmoc-Tyr-OH showed a good HLB and a higher hydrophilicity compared to Fmoc-Phe-OH.
In the BAP-Y/W nanoparticles, the presence of Fmoc-Tyr-OH could sustain the stability of the
nanoparticles in water, which was not the case for Fmoc-Phe-OH in the BAP-F/W
nanoparticles. The structures standing for 24 h were also observed by TEM (Figure S3b).
Nanofibers were still observed in the Fmoc-Tyr-OH self-assembled hydrogels. The distribution
of the fibers after 24 h became more compact and homogeneous, likely due to the stabilization



of the hydrogels over time. Large aggregates with a regular polygon shape was observed in the
Fmoc-Trp-OH solution, suggesting crystallization. Besides, after 24-h standing, the nanofibers
formed by Fmoc-Phe-OH transformed into wider and straighter nanoribbons with a shorter
length, which also indicated crystallization. Indeed, long-time aging of assembled amino acids
or peptides water solution is a common approach that is widely used to obtain crystals of these
molecules for X-ray studies.®3°4° Additionally, a similar phase transition in the self-assembly
of Fmoc-pentafluoro-phenylalanine from nanoparticles to gels and then to crystals was also
reported.*! In alignment with the solution photographs, BAP-Y/W still contained nanoparticles
after 24-h standing due to their good HLB and water stability, while some crystal-like structures
and amorphous aggregates were observed in BAP-F/W group with 24-h standing.

Spectroscopic analysis of the self-/co-assembled structures to understand the
supramolecular interactions between blocks

Though the molecular structures of the three Fmoc-protected amino acids are very similar, they
self-/co-assembled into different types of structures. In order to explore the assembly
mechanism, a spectroscopic analysis was performed to understand the supramolecular
interactions between the amino acid building blocks. Firstly, the fluorescence spectra of each
self-assembled structure dissolved in MeOH or DMSO at different concentrations were
measured (Figure 3 and Figure S4). Similar trends of fluorescence change were shown in both
MeOH and DMSO solutions. With the increase of concentration in all the groups, the
fluorescence intensity was increased at the beginning, while when the concentration
continuously increased, the fluorescence intensity gradually decreased. At the lowest
concentrations (0.01-0.1 mg/mL), the molecules most likely freely moved in the solvent and
only few supramolecular interactions occurred between the amino acids. Therefore, the
fluorescence intensity correlated with the amount of molecules. However, when the
concentration increased (0.1-30 mg/mL), the molecules in the solvent became crowded,
resulting in supramolecular interactions between the molecules. The negative correlation
between the fluorescence intensity and the molecular concentrations resulted from the typical
aggregation-caused quenching phenomena, indicating the existence of n-m stacking between
the aromatic side chains and Fmoc group.*? Moreover, a red-shift of the emission peak with
increased concentrations was observed in all groups, confirming again the existence of n-n
stacking (top inserts in Figure 3 and Figure S4). Indeed, -7 interactions lower the energy level
of 7 electron excited state.** Therefore, the emitted fluorescence has less energy and thus
presents a red-shift in the emission spectrum. The influence of the solvents on the n-x stacking
interactions is little, according to the similar fluorescence changes. The small differences
observed between the use of MeOH and DMSO were indicative of a slight solvent effect on
the molecular assembly. For example, the maximum fluorescence intensity curves showed that
the inflection points of Fmoc-Trp-OH and Fmoc-Phe-OH concentration were 0.1 mg/mL and
1 mg/mL, respectively, when DMSO was used, while they decreased to 0.05 and 0.1 mg/mL,
respectively, in MeOH. These results indicated that the minimum critical concentration
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required for n-m stacking formation in MeOH was lower than in DMSO (bottom inserts in
Figure 3b, ¢ and Figure S4b, c). These results suggest that n-n stacking between Fmoc-amino
acids was more favourable in MeOH, although it also occurred in DMSO.
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Figure 3. Fluorescence emission spectra of the self-/co-assembled nanostructures dissolved in
DMSO at different concentrations. Insets: (top) normalized fluorescence and (bottom)
maximum fluorescence intensity for each condition. (a) Fmoc-Tyr-OH, (b) Fmoc-Trp-OH, (c)
Fmoc-Phe-OH, (d) BAP-Y/W and (e) BAP-F/W.

In order to obtain the critical self-/co-assembly concentration (CAC) of each building block, a
fluorescence probe, 1-anilinonaphthalene-8-sulfonic acid (ANS), which is sensitive to the
chemical environment of the binding site, was mixed with the amino acids during the assembly.
When the chemical environment of ANS changes from hydrophilic to hydrophobic due to
molecular assembly, the fluorescence of ANS sharply rises. Therefore, the building block
concentration at the break point of increased ANS fluorescence intensity indicates the CAC.*44
In DMSO/water and MeOH/water systems, all the assembly groups showed no change of ANS
fluorescence at low amino acid concentrations, whereas the fluorescence intensity was
increased sharply as the building block concentration was increased, indicating that the
assembly initiated in both solvent systems when the amino acids reached a certain
concentration (Figure S5a-e and S6a-e). In DMSO/water system, the CAC of Fmoc-Tyr-OH
was 0.2 mg/mL, which was much higher than the other groups (0.04 mg/mL for Fmoc-Trp-OH
and BAP-F/W, 0.07 mg/mL for Fmoc-Phe-OH and 0.06 mg/mL for BAP-Y/W) (Figure S5f).
Similar CAC values for each group were also obtained in MeOH/water system (0.15 mg/mL
for Fmoc-Tyr-OH and ~0.04-0.05 mg/mL for the other groups) (Figure S6f).
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Next, UV-Vis absorption spectra of the materials were recorded. Due to the cut-off wavelength
of DMSO (265 nm) that overlap with the Fmoc-amino acid absorption peaks, only structures
formed from the assembly in MeOH/water were studied. Owing to the existence of the aromatic
side chains and the Fmoc group, m — n" electron transition was observed in the UV region
(200-350 nm).*® The UV-Vis spectra of the Fmoc-protected amino acids and the corresponding
amino acids without Fmoc protection in MeOH were obtained to distinguish the absorption
peaks in the range of 200-300 nm (Figure S7). The Fmoc group showed the K band at 200-220
nm and the B band at 240-305 nm in all three protected amino acids. The K band is due to the
n — w* transition in the conjugated system, while the B band is characteristic of aromatic
moieties and generally appears between 230 and 270 nm.*” The benzene side chains of H-Phe-
OH and Fmoc-Phe-OH showed a low absorbance due to the lack of auxochromic groups and
was covered by the absorbance of Fmoc. The K band of the phenol side chains in H-Tyr-OH
and Fmoc-Tyr-OH was at ~220 nm, which was partially overlapped with the K band of Fmoc.
The K band of the indole side chains in H-Trp-OH and Fmoc-Trp-OH was also located at ~220
nm, with a higher intensity than that of the phenol group. Next, in order to study the interactions
between the different building blocks, the absorption peaks of each group in MeOH (no
assembly) and MeOH/water (assembly) were compared. In Fmoc-Tyr-OH and Fmoc-Phe-OH
groups, the K band of the Fmoc group showed blue shift (~5 nm) when self-assembly occurred
in MeOH/water (Figure S8a, ¢ and g). This likely indicated that the Fmoc group in these two
molecules underwent H-aggregation during the self-assembly process, indicating an ordered
face-to-face stacking (Figure S8f).*84% H- and J-aggregation are two types of molecular -1
stacking patterns. H-aggregates correspond to face-to-face arrangements, accompanied by a
blue shift of the absorption spectra. In the case of J-aggregation, molecules stack in a head-to-
tail manner and the absorption spectra show a red shift.>>>* However, in the Fmoc-Trp-OH and
the two BAP groups, the K band of Fmoc showed no shift in MeOH/water (Figure S8b, d, e
and g). Considering the nanofibers formed by Fmoc-Tyr-OH and Fmoc-Phe-OH, we can
speculate that the H-aggregation of the Fmoc group played a significant role in forming the
nanofibers. Because of a relatively higher free energy, H-aggregation is not the most favourable
type of stacking.>? Therefore, H-aggregation might require the combined action from other
interactions, such as hydrogen bonding, to make the whole system in an energy favourable
arrangement. We suggest that when Fmoc-Trp-OH is mixed with Fmoc-Tyr-OH or Fmoc-Phe-
OH and co-assembled in water, the H-aggregation of the Fmoc group in Fmoc-Tyr-OH or
Fmoc-Phe-OH is altered and the assembled structures change.

Additionally, ATR-FTIR spectroscopy was also used to study the assembly mechanism. After
forming aggregates in deuterated water, a shift of the peak at 1600-1800 cm™, corresponding
to the stretching vibration of the carbonyl groups, was observed for all groups when compared
with deuterated DMSO (DMSO-ds) or deuterated MeOD (MeOD-ds) conditions, in which the
Fmoc-amino acid derivatives were soluble (Figure 4a-e and Figure S9).° The shift of this peak
in water suggested the formation of hydrogen bonds between the O atom of the carbonyl group
and the —OH group of the carboxylic acid or the phenol of tyrosine, or the —-NH group in the
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urethane of the Fmoc or the indole of tryptophan during the assembly process in water.>*>°
Indeed, a shift of FTIR peaks to lower wavenumbers is generally indicative of increased
intermolecular forces.>® The larger shift was observed for Fmoc-Tyr-OH and Fmoc-Phe-OH
compared to Fmoc-Trp-OH, BAP-Y/W and BAP-F/W (Figure 4f and Figure S9). The small or
large shifts indicated the variety of hydrogen bonds leading to the formation of different self-
assembled materials, nanofibers for Fmoc-Tyr-OH and Fmoc-Phe-OH, and nanoparticles for
Fmoc-Trp-OH and the BAP composed of Fmoc-Trp-OH and Fmoc-Tyr-OH or Fmoc-Phe-OH.
Besides, the similar case, in which the shift in the nanofiber groups was larger than that of the
nanoparticle groups, was also obtained in MeOD-d4/D20, but the shift space in this condition
was smaller than that in DMSO/D,0 (e.g., ~12 cm™? in MeOD-d4/D,0 vs. ~50 cm? in
DMSO/D20 for Fmoc-Tyr-OH), indicating that the solvents may have some effects on
hydrogen bonds, probably attributed to the hydrogen bond breaker nature of DMSQ.5"%8
Moreover, the existence of a hydrogen bond network can also explain the much higher CACs
of Fmoc-Tyr-OH than that of other groups (Figure S5f and S6f). DMSO or MeOH could
competitively form hydrogen bonds with blocks, which impacted the generation of
intermolecular hydrogen bonds between Fmoc-Tyr-OH, hindering their self-assembly. In
general, we suggest that the hydrogen bonds play an important role in the formation of the
Fmoc-Tyr-OH and Fmoc-Phe-OH nanofibers, probably participating to the H-aggregation of
the Fmoc groups. We hypothesize that the addition of Fmoc-Trp-OH induces a structure
transformation by altering the hydrogen bond network in the self-assembly of Fmoc-Tyr-OH
or Fmoc-Phe-OH alone.
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Figure 4. ATR-FTIR spectra of the amino acid derivatives solubilized in DMSO-ds and
aggregated in DMSO-ds/D20. (@) Fmoc-Tyr-OH, (b) Fmoc-Trp-OH, (¢) Fmoc-Phe-OH, (d)
BAP-Y/W and (e) BAP-F/W. (f) Shift of the wavenumber of the carbonyl stretching vibration
peak in the different groups.
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Overall, from the structural studies and spectroscopic analyses, we can suggest that the
assembly of the amino acid derivatives was driven by combined supramolecular interactions,
including -7 stacking, hydrogen bonds and hydrophobic interactions. The different hydrogen
bond arrangements and the type of aromatic group in the lateral chain of the amino acids had a
crucial influence on the formation of nanofibers or nanoparticles, while MeOH or DMSO only
showed limited effect on the molecular interactions and no change on the final structures.

Monitoring of the self-/co-assembly process over time

We furtherly monitored the carbonyl peak shift of the Fmoc-amino acids and binary mixtures
in solution by ATR-FTIR spectroscopy over a period of time. The amino acid derivatives were
dissolved in DMSO-ds or MeOD-d4 (molecular state) and aggregated in D2O (supramolecular
state). Firstly, in DMSO-de/D20 system, FTIR spectrum of Fmoc-Tyr-OH showed the peak of
the carbonyl group shifted from 1736 cm™ in DMSO-ds to 1696 cm™ after the addition of D20
(at 0 min), indicating the initiation of the self-assembly (Figure 5a). The peak gradually shifted
after 2 min to a lower wavelength (1684 cm™) after 4 min. Similarly, the peak of the carbonyl
group also shifted from 1730 to 1704 cm™ upon addition of D,O in the deuterated DMSO
solution of Fmoc-Trp-OH, but no further shift was observed over time (Figure 5b). The
carbonyl peak of Fmoc-Phe-OH showed a behaviour similar to Fmoc-Tyr-OH (Figure 5c). In
contrast, the peak shifts in both BAP groups were similar to that observed for Fmoc-Trp-OH
(Figure 5d and e). Note that the peak shift at the first 2 min in the two nanofiber groups (Fmoc-
Tyr-OH and Fmoc-Phe-OH) showed a similar position as the peak shift in the nanoparticle
groups, suggesting the generation of intermediate nanoparticle (INP) structures at the early
stage of the nanofiber formation. After 2 min, the peaks in the nanofiber groups continued
moving to large shifts, while the small shift stopped in the nanoparticle groups. The progressive
peak shift in the nanofiber formation indicated that the formation process contained more than
one stage: the INPs formed at the initial stage and then transformed into nanofibers. However,
only the nanoparticle stage existed in the Fmoc-Trp-OH and co-assembled groups. Moreover,
in the co-assembly groups, same peak shifts as Fmoc-Trp-OH were observed, suggesting that
the presence of Fmoc-Trp-OH locked the second peak shift process (originally exist in self-
assembly of Fmoc-Tyr-OH and Fmoc-Phe-OH) in the binary systems, indicating that the
transformation from INPs to nanofibers was hampered, finally generating the structure
transformation to nanoparticles. Next, the same time-dependent shift of the carbonyl peaks was
also observed in MeOD-d4/D>0 system, including INP formation and nanofiber transformation
in Fmoc-Tyr-OH and Fmoc-Phe-OH groups (Figure S10). This confirmed that the change of
the organic solvent had no impact on the assembly process. However, the peak shift in MeOD-
d4/D20 only lasted 120 sec, which was faster than the self-assembly in DMSO-de/D20. This
could be due to more interference of DMSO than MeOH on the hydrogen bond formation,
which slowed down the assembly process. For this reason, we decided to monitor the self-
assembly process in the rest of the study in DMSO/water system, which could give us enough
time to characterize each stage.
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Figure 5. FTIR spectra with different time points of a DMSO-ds solution of (a) Fmoc-Tyr-OH,
(b) Fmoc-Trp-OH, (c) Fmoc-Phe-OH, (d) BAP-Y/W and (e) BAP-F/W upon addition of D>O
(0 min) and evolution of the spectra over a period of 10 min.

The assembly process was monitored at different times, and different states were observed
(Figure S11). At the beginning of the Fmoc-Tyr-OH self-assembly, a white colloidal solution
was observed (Figure S1la, 0 min), which turned gradually into a transparent solution,
suggesting the formation of INPs at the beginning of self-assembly. Notably, after 2 min, some
white materials were still observed, but at a lower concentration than that at 0 min, suggesting
the formed INPs (see below) were unstable and transformed rapidly into nanofibers. When this
solution was kept overnight, a transparent hydrogel was formed (Figure S3). To form a
hydrogel, the length and density of the nanofibers have to achieve a certain level. Therefore,
we can conclude that the growth of the nanofibers arising from the self-assembly of Fmoc-Tyr-
OH was slow, contrarily to Fmoc-Phe-OH forming a gel after 6 min (Figure S11b). The
different behaviours of Fmoc-Tyr-OH and Fmoc-Phe-OH highlight the crucial role of the
phenolic hydroxyl group, which increased the HLB and provided a denser hydrogen bond
network in the Fmoc-Tyr-OH assembled structures. In contrast, in the case of Fmoc-Phe-OH,
the hydrophobic interactions and n-n stacking dominated the self-assembly process, as also
supported by the lower CAC of Fmoc-Phe-OH in comparison to Fmoc-Tyr-OH (Figure S5f
and Figure S6f). Though the INP transformation to nanofibers was still observed, the faster
aggregation process of Fmoc-Phe-OH disfavoured the formation of an ordered hydrogel, which
finally collapsed. In the case of Fmoc-Trp-OH and the two BAP groups, a colloidal solution
was observed without any visual change over time from 0 to 22 min, suggesting the formation
of stable nanoparticles (Figure S11c-e). The addition of Fmoc-Trp-OH to Fmoc-Tyr-OH and
Fmoc-Phe-OH allowed preventing the formation of nanofibers leading to the formation of
hydrogels. This conclusion was supported by DLS analysis. Over the period of 22 min, the size
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of the Fmoc-Tyr-OH self-assembled structures showed little changes, while the PI values
sharply increased after 2 min (Figure S12). At 0 and 2 min, the size was ~200 nm and the Pl
was below 0.3. This indicated the formation of INPs at this early stage. However, the Pl
dramatically increased to ~1 at 4 min, time at which the solution became transparent, indicating
the transformation of the INPs into nanofibers. In the case of Fmoc-Phe-OH, though the size
and P1 of the self-assembled structures increased gradually over time, no drastic increase in PI
and size was observed until 10 min. At 0-4 min, time period at which a colloidal solution was
observed (Figure S11b), the size was ~250 nm and the PI ~0.1, indicating the presence of INPs.
After 10 min, when the hydrogel became transparent (Figure S11b), the size sharply increased
to several micrometers, and the P1 increased to ~1, indicating the transformation from INPs to
nanofibers (Figure S12). For the Fmoc-Trp-OH and two BAP groups, the size of the
nanoparticles increased slightly from ~200 to ~300 nm for Fmoc-Trp-OH and BAP-Y/W and
to ~400 nm for BAP-F/W, while the Pl value was less than 0.3 (Figure S12). No sharp increase
in size and Pl was measured meaning that the systems maintained the structure of nanoparticles.
These results are in alignment with the FTIR results (Figure 5), confirming the existence of
INPs that can transform into nanofibers in Fmoc-Tyr-OH and Fmoc-Phe-OH groups.

Structural analyses by high-resolution transmission electron microscopy coupled to
energy dispersive X-ray spectroscopy

A more detailed structural information was provided by high-resolution transmission electron
microscopy (HRTEM). The nanoparticle groups, including Fmoc-Trp-OH, BAP-Y/W and
BAP-F/W, were observed (Figure S13). The nanoparticles obtained from the self-assembly of
single Fmoc-Trp-OH showed solid and homogeneous spherical structures, while two parts with
a different contrast were observed in the binary nanoparticles. BAP-Y/W demonstrated a core-
shell structure with a higher contrast core and lower contrast shell, while patches with a lower
contrast were distributed unevenly on the BAP-F/W surface. These results indicated that the
distribution of the two components in these binary nanoparticles might be heterogeneous. To
understand their distribution, the locations of Fmoc-Tyr-OH and Fmoc-Trp-OH in BAP-Y/W
was subsequently studied by energy dispersive X-ray (EDX) spectroscopy mapping. For this
purpose, Fmoc-3,5-diiodo-Tyr-OH and Fmoc-5-fluoro-Trp-OH (Figure S14) were used instead
of Fmoc-Tyr-OH and Fmoc-Trp-OH, respectively, to allow distinct mapping of both amino
acids by EDX owing to the fluorine and iodine atoms. The same core-shell nanoparticle
structures were also observed in Fmoc-3,5-diiodo-Tyr-OH/Fmoc-5-fluoro-Trp-OH co-
assembled groups and by using only one type of halogenated Fmoc-protected amino acid
(Fmoc-3,5-diiodo-Tyr-OH/Fmoc-Trp-OH and Fmoc-Tyr-OH/Fmoc-5-fluoro-Trp-OH  co-
assembled groups) (Figure 6a). Therefore, there was no structural change induced by the use
of halogen-labelled Fmoc-amino acids, confirming that the presence of the fluorine and iodine
atoms in the amino acid side chains had no influence on the co-assembly process. Then, the
amount of fluorine and iodine in the HRTEM images was assessed by EDX. The F/I atom ratio
was ~1:2, which was consistent with the 1:1 ratio of the two building blocks, indicating that
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the core-shell nanoparticles were constituted of the two amino acids (Figure 6b). Next, the
distribution of the two molecules was determined by EDX mapping. We could observe that the
distribution of Fmoc-5-fluoro-Trp-OH was homogeneous in the whole nanoparticles, while the
Fmoc-3,5-diiodo-Tyr-OH was more localized in the core (Figure 6¢). The relative amount of
the two amino acids was detected along the white line in Figure 6¢, showing that the amount
of Fmoc-3,5-diiodo-Tyr-OH sharply increased in the core of the nanoparticles (Figure 6d). We
hypothesize that the higher localization of Fmoc-Tyr-OH in the core and the presence of Fmoc-
Trp-OH in the shell certainly prevent Fmoc-Tyr-OH from interacting with other Fmoc-Tyr-OH
molecules, thus hampering the formation of nanofibers.

Fmoc-5-fluoro-Trp-OH and Fmoc-Trp-OH and Fmoc-5-fluoro-Trp-OH

Fmoc-3,5-diiodo-Tyr-OH Fmoc-3,5-diiodo-Tyr-OH  and Fmoc-Tyr-OH Fluorine:lodine ~1:2
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Figure 6. (a) HRTEM images of the co-assembled nanoparticles made of (left) Fmoc-3,5-
diiodo-Tyr-OH and Fmoc-5-fluoro-Trp-OH, (middle) Fmoc-3,5-diiodo-Tyr-OH and Fmoc-
Trp-OH, and (right) Fmoc-Tyr-OH and Fmoc-5-fluoro-Trp-OH, respectively. (b) EDX
showing the amount of fluorine and iodine. (c) Dark field image and EDX mapping of the co-
assembled nanoparticles made of Fmoc-3,5-diiodo-Tyr-OH and Fmoc-5-fluoro-Trp-OH. (d)
Distribution of Fmoc-3,5-diiodo-Tyr-OH and Fmoc-5-fluoro-Trp-OH in the nanoparticles
assessed by EDX mapping along the white line.

Proposed self-assembly and co-assembly mechanisms

Based on the possible supramolecular interactions between the selected Fmoc-protected amino
acids, we propose that the self-assembly of Fmoc-Tyr-OH, Fmoc-Trp-OH and Fmoc-Phe-OH
firstly underwent a fast nucleation process mainly driven by n-n stacking and hydrophobic
interactions, generating INPs at the beginning of the self-assembly, followed by a
transformation into nanofibers for Fmoc-Tyr-OH and Fmoc-Phe-OH (Figure 7a). The
structural transformation was monitored using DLS and FTIR spectroscopy, indicating that the
formation of nanofibers resulted from the elongation of INPs morphologies. The blue shift of
the absorbance peaks in the UV-Vis spectra of nanofiber groups suggested a H-aggregation of
the Fmoc group, while hydrogen bonding was confirmed by FTIR spectroscopy. These
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interactions specifically detected in Fmoc-Tyr-OH and Fmoc-Phe-OH led to the transformation
of the INPs and nanofiber generation. It has been previously reported that multiple intermediate
structures were successively generated and transformed along with changing the domination
of supramolecular interactions (e.g., hydrophobic interactions, aromatic stacking and hydrogen
bonds) during the assembly process of Fmoc-DOPA.?* Moreover, a similar mechanism was
also proposed by Yan et al., in which the Fmoc-protected histidine, Fmoc-protected alanine or
carboxybenzyl-protected diphenylalanine dipeptide self-assembled into nanofibers following a
similar two-step process.”® In contrast, in the case of Fmoc-Trp-OH, the different
supramolecular interactions triggered only the nucleation step of the molecule and did not
evolve to well-ordered molecular arrangements, thus leading to the formation of nanoparticles.

In the co-assembly systems, the presence of Fmoc-Trp-OH altered the self-assembly of Fmoc-
Tyr-OH and Fmoc-Phe-OH. The peak shift, suggesting the transformation of the INPs into
nanofibers, observed in the FTIR spectra during the co-assembly process stopped, thus locking
the system at the INPs stage (Figure 7b). The EDX mapping demonstrated the homogenous
distribution of Fmoc-Trp-OH in the whole structure, while Fmoc-Tyr-OH was mainly located
in the core, probably indicating that the addition of Fmoc-Trp-OH stabilized the intermediate
nanoparticles by enveloping Fmoc-Tyr-OH and prevented from interacting with other Fmoc-
Tyr-OH molecules. Meanwhile, the hydrogen bond network or H-aggregation were not
detected in these groups, suggesting that the interaction of Fmoc-Trp-OH with Fmoc-Tyr-OH
limited these supramolecular interactions. The lack of these essential interactions also caused
the assembly process to remain at the intermediate spherical nanoparticle stage. Indeed, some
recent studies revealed that the tryptophan residue could act as a fiber-structure inhibitor,
converting many fiber-like structures into nanoparticles when the tryptophan residue was
introduced into the peptide sequences.>®%2 For example, it was reported that a special motif
called tryptophan zipper generated by cross-standing pairing of indole rings played an
important role in retarding nanofiber formation, leading to the formation of nanoparticles.>®
These studies support why we hypothesize that the INP stage was locked by Fmoc-Trp-OH in
our binary assembly system.

The nucleation and growth process of our building blocks could be explained by different
theories.®® The self-assembly of Fmoc-Trp-OH leading to the formation of nanoparticles
probably follows the LaMer mechanism, proposing that the nucleation and growth process can
be divided into three stages: 1) a sharp increase of the building block concentration in solution;
2) a burst-nucleation of the building blocks to an infinite rate and a significant decrease of the
free building blocks in solution; and 3) a growth of the nanoparticles by the building block
diffusion.®* Indeed, the number of the building blocks in water increased rapidly by adding the
Fmoc-Trp-OH stock solution. Then, the hydrophobic interactions, due to the high
hydrophobicity of Fmoc-Trp-OH, and the n-n stacking triggered a fast aggregation of the amino
acids, ensuring the burst-nucleation. This process was confirmed by the appearance of the
Fmoc-Trp-OH solution at 0 min as a white colloidal solution and by DLS at 0 min (Figure S11c
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and Figure S12a). In the third stage of the growth, because of the decreased concentration of
free Fmoc-Trp-OH in solution and an inefficient diffusion, the growth was slowed down. The
DLS analysis showed that the size of the Fmoc-Trp-OH nanoparticles increased slowly over
time (Figure S12a). In contrast, we suggest that the nanofibers (Fmoc-Tyr-OH or Fmoc-Phe-
OH) were formed by the Ostwald ripening, a process in which small particles are redissolved
to form larger structures.®® The photographs of the Fmoc-Tyr-OH and Fmoc-Phe-OH solutions
at the beginning of the process showed the formation of white colloidal solutions that
disappeared over time (Figure S11a and b), probably due to redissolution. Moreover, the INP
size was larger than the diameter of the nanofibers according to TEM images and DLS at 0 min
(Figure 1, Figure Sla and Figure S12a), which could be an indication of the elongation stage
of the nanofibers based on the dissolution of the INPs and rearrangement of the blocks. For the
co-assembly process with structure transformation, the locking of the INP stage could result in
the aggregation of Fmoc-Trp-OH and Fmoc-Tyr-OH (or Fmoc-Phe-OH) before INP
dissolution, thus preventing the INPs from redissolution, stopping the following Ostwald
ripening and eventually leading to the LaMer mechanism. A similar slow size growth of BAP-
Y/W and BAP-F/W shown by DLS supported the assembly process switched to the LaMer
mechanism (Figure S12a).

Additionally, due to the high hydrophobicity of the amino acids, which leads to an imbalance
of hydrophilicity and lipophilicity, the assembled nanostructures showed a low water stability
and underwent different fates after standing in water for 24 h (Figure S3 and 7c). The BAP-
Y/W nanoparticles were more stable in water compared to the BAP-F/W nanoparticles, because
the presence of Fmoc-Tyr-OH improved the HLB of the binary system, emphasizing the
importance of the balance between hydrophilicity and lipophilicity in providing a good water
stability.
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Figure 7. Possible mechanism of (a) the self-assembly process and (b) the rapid structure
transformation in the co-assembly systems. (c) Fate of the nanostructures after 24-h standing
in ambient conditions.
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Conclusions

This study as evidenced that, while Fmoc-Tyr-OH and Fmoc-Phe-OH self-assemble into
nanofibers, nanoparticles can be generated by the co-assembly with Fmoc-Trp-OH. This
structure transformation indicated that Fmoc-Trp-OH can modulate the self-assembly of Fmoc-
protected amino acids. Different supramolecular interactions, including =n-m stacking,
hydrophobic interactions and hydrogen bonding, collectively participated in the assembly
process to different extents. The stacking of the Fmoc group and a dense network of hydrogen
bonds were specifically detected in the self-assembly of Fmoc-Tyr-OH and Fmoc-Phe-OH into
nanofibers. A ‘two-step’ process based on the nucleation of intermediate nanoparticles and
their elongation/growth is proposed. The co-assembly with Fmoc-Trp-OH locks the nucleation
stage of Fmoc-Tyr-OH and Fmoc-Phe-OH, localizing the molecules in the core and stopping
the elongation into nanofibers. Our study provides an understanding of the relationship between
the structural properties and supramolecular interactions of amino acid building blocks,
allowing to control self-assembly. The capacity of structure transformation of the assembled
amino acids offers opportunities for various applications, in particular in nanomedicine. We
are currently exploiting BAP-Y/W as drug carriers in cancer therapy. Multifunctional
nanoparticles can be designed through the loading of different drugs and surface modification
for combined anticancer therapy to efficiently eliminate tumours.

Experimental Section

Materials: Fmoc-Tyr-OH was purchased from Bachem Holding AG, Fmoc-Trp-OH and
Fmoc-Phe-OH from Sigma-Aldrich, and Fmoc-5-fluoro-Trp-OH and Fmoc-3,5-diiodo-Tyr-
OH were purchased from Iris Biotech GmbH. 1-anilinonaphthalene-8-sulfonic acid (ANS)
was purchased from Fisher Scientific. Methanol (MeOH), dimethyl sulfoxide (DMSO) and
acetonitrile were purchased from VWR international. D.O, MeOD-ds and DMSO-ds were
purchased from Eurisotop. The water used in this work was Milli-Q® water.

Preparation of self-/co-assembled nanostructures by a solvent-switch method: The amino
acids were dissolved in MeOH or DMSO at 25 mg/mL concentration (stock solution), which
was diluted 100 times by adding 1 mL of water to initiate self-assembly after homogeneous
mixing. For the co-assembly, mixed stock solutions were prepared first (25 mg/mL in MeOH
or DMSO) and the co-assembly was performed by diluting the mixed stock solution 100 times
in water with homogeneous mixing. Except where otherwise stated, BAP-Y/W and BAP-F/W
mentioned in this work are co-assembled at 1:1 ratio.

Characterization of self-/co-assembled nanostructures: The co-assembled nanomaterials
were dissolved in MeOH for analysis by high performance liquid chromatograph (HPLC)
(e2695 Alliance, Waters Corporation, 220 nm detector, Nucleosil 100-5 Waters C18 reverse-
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phase HPLC column). The column was used with a 1.2 mL/min flow rate of a gradient from O
to 100% of B (A = H,0/0.1% trifluoroacetic acid (TFA); B = CH3CN/0.08% TFA) for 20 min.
Transmission electron microscopy (TEM) (H-7500, Hitachi) with an accelerating voltage of 75
kV and AMT Hamamatsu digital camera (Hamamatsu Photonics, Hamamatsu City) was used
to observe the nanostructures. The sample solutions were dropped on a copper grid (Formvar
film 300 Mesh, Cu from Electron Microscopy Sciences) and dried under ambient environment.
High resolution TEM (HRTEM) (2100F, JEOL) under 200 kV coupled to energy dispersive
X-ray (EDX) spectroscopy of voltage was used to observe the detailed structure of the
nanoparticles. Fmoc-3,5-diiodo-Tyr-OH and Fmoc-5-fluoro-Trp-OH were used to replace
Fmoc-Tyr-OH and Fmoc-Trp-OH. The fluorine and iodine act as the label to determine the
distribution of Fmoc-Tyr-OH and Fmoc-Trp-OH under EDX mapping. The size, polydispersity
index (PI) and surface charge of the materials were assessed by dynamic light scattering (DLS)
(Zetasizer Lab, Malvern Panalytical). The correlation function used by DLS measurement is
equation (1):

G (Ti) = Xizo 1) I(t; + 71) (1)

Where G is the correlation coefficient; T is the delay time; t is the time and I is the intensity of
scattering light.

CAC measurement of the self-/co-assembled nanostructure: ANS powder was dissolved in
block stock solutions (in MeOH or DMSO) at concentration of 4mM, and the solution was
diluted by water to initiate the assembly of blocks according to the previously mentioned
solvent-switch method. By controlling the concentration of block in stock solution, samples
with different final concentrations of block were prepared and the final concentration of ANS
in samples remained at 40 uM. After 10 min incubation, the fluorescence of samples was
detected using fluorescence spectroscopy (FP-8300, JASCO) with the excitation wavelength
at 360 nm.

Spectroscopic analysis of the self-/co-assembled nanostructures: For the analysis by UV-
Vis spectroscopy (Cary 5000, Agilent Technologies), the amino acid solutions at 0.1 mg/mL
final concentration were prepared in pure MeOH, and the assembled groups with the same
concentration were prepared by solvent-switch method. The absorbance between 200-350 nm
was measured. For the fluorescence spectroscopy, the amino acids were dissolved in 1 mL of
DMSO or MeOH at the concentrations of 0.01, 0.02, 0.05, 0.1, 1, 5, 10, 20 and 30 mg/mL and
excited at 265 nm. For the ATR-FTIR spectroscopy (Nicolet™ 6700, Thermo Scientific,
equipped with a diamond ATR polarization accessory), the amino acids were dissolved in
DMSO-ds or MeOD-d4 followed by the addition of D,O (organic solvent/D>O: 1/9, v/v) to
prepare the self-/co-assembled structures. The signal from 525 to 4000 cm™* was recorded.
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