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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: There is a growing interest in designing superhydrophobic materials for many applications including
Amino acids self-clean surfaces, separation systems, and antifouling solutions. Peptides and amino acids offer attractive
Self-assembly

building blocks for these materials since they are biocompatible and biodegradable and can self-assemble into
complex ordered structures.

Experiments and Simulations: We designed a self-standing superhydrophobic material through the self-assembly of
an individual functionalized aromatic amino acid, Cbz-Phe(4F). The self-assembly of Cbz-Phe(4F) was investi-
gated by experimental and computational methods. Moreover, when drop-casted three times on a solid support,
it formed a self-standing superhydrophobic material. The mechanical properties and chemical stability of this
self-standing superhydrophobic material were demonstrated.

Findings: The designed Cbz-Phe(4F) self-assembled into fibrous structures in solution. Molecular dynamics (MD)
simulations revealed that the fibrous backbone of Cbz-Phe(4F) aggregations was stabilized through hydrogen
bonds, whereas the isotropic growth of the aggregates was driven by hydrophobic interactions. Importantly,
when drop-casted three times on a solid support, it formed a self-standing superhydrophobic material. Moreover,
this material had a high mechanical strength, with a Young’s modulus of 53 GPa, resistance to enzymatic
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degradation, and thermal stability up to 200 °C. This study provides a simple strategy to generate smart and
functional materials by the simple self-assembly of functional individual amino acids.

1. Introduction

Superhydrophobic materials are needed for generating surfaces with
properties of self-cleaning, antifouling, antibacterial, and anti-icing.
Other applications for superhydrophobic materials include enhancing
molecular sensing, energy harvesting, and oil-water separation systems
[1-3]. A superhydrophobic material is defined as a solid having a water
contact angle greater than 150° and a low contact angle hysteresis or a
low sliding angle of less than 10°. Two main parameters are essential to
design a superhydrophobic material: (1) chemistry that results in low
surface energy and (2) topography of a hierarchical structure [3-5].
Much progress has been reported in the design and fabrication of
superhydrophobic materials [4-6]. Most of these materials have been
obtained by using synthetic polymers (i.e., long-chain halogenated
carbons) and natural extracts (i.e., natural waves, proteins, and cellu-
lose) [5,7]. It has been acknowledged that synthetic polymers, especially
the ones containing halogen atoms, are not eco-friendly [5,8]. In addi-
tion, the production of natural extracts involves a complex process with
high costs [9,10].

Self-assembled peptides are excellent building blocks for the for-
mation of novel superhydrophobic materials due to their inherent hy-
drophobicity and hierarchical tructures. Lee et al. reported on the self-
assembly of diphenylalanine into vertically aligned peptide nanowires
that generated a surface with superhydrophobic properties [11]. How-
ever, there are no other reports about superhydrophobic materials
through the self-assembly of amino acids and/or peptides. Importantly,
the fabrication of superhydrophobic materials requires low
manufacturing costs for adequate large-scale production. Therefore, the
development of superhydrophobic materials by the self-assembly of the
simplest possible building blocks of peptides, i.e., amino acids, is of great
interest.

The self-assembly of amino acids and peptides into a variety of
artificial nanostructures is considered to be a promising route for
fabricating novel functional materials [12-14]. Compared to other
biomolecules, amino acids are the simplest building blocks because they
are small and do not need synthesis as peptides do. Amino acids can be
easily decorated, produced in large-scale quantities, and have inherent
biocompatibility. Regarding natural amino acids, only a few amino acids
were found to self-assemble [15]. It has been reported that the amino
acids 1-Phe, 1-Trp, 1-Tyr, and 1-His self-assemble into fibers, nanotubes,
and twisted nanosheets, which can be utilized to detect living cells
[16,17]. The smallest non-chiral amino acid, 1-Gly, was reported to self-
assemble into fibrous nanostructures [18].

New approaches to obtain promising materials have been attempted
to expand the scope of self-assembled amino acids. One common way is
the self-assembly of functionalized amino acids, where functional
groups such as 9-fluorenylmethoxycarbonyl (Fmoc), naphthalimide
(NI), and lipid chain were introduced into N-termini [15]. The Fmoc-
terminated amino acids (i.e., Fmoc-Phe, Fmoc-Tyr, and Fmoc-Met)
exhibit relatively rapid self-assembly kinetics, excellent physical and
chemical properties, and have great potential in cell culture, photo-
catalysis, drug delivery, and antibacterial applications [19]. Hsu et al.
reported that NI-terminated amino acid formed a microfiber network
hydrogel with aggregation-induced emission properties and strong blue
emission under ultraviolet light [20]. Acyl chain-modified amino acids
were found to self-assemble into ordered structures that varied from
vesicles to helical fibers [21]. Another strategy involves the self-
assembly of non-standard amino acids. It was reported that non-coded
amino acids such as «, f, and y-amino acids can self-assemble into
different nanoarchitectures [22]. Sarah et al. demonstrated that -Gly
crystals formed by supramolecular packing exhibited a higher
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piezoelectric voltage constant than did ceramic and polymeric materials
[23]. Importantly, the halogenation of aromatic amino acids is another
effective way to increase supramolecular interactions. Metrangolo et al.
reported that introducing iodine on the Phe residue results in additional
supramolecular interactions stemming from the ability of iodine to
behave as a halogen-bond donor as well as a hydrogen and halogen-bond
acceptor [24]. Even though there have been many attempts to obtain
interesting functional structures by individual amino acids, it remains a
challenge to design attractive materials using these building blocks.
Herein, we report the self-assembly of a functionalized amino acid
(Cbz-Phe(4F)) into self-standing superhydrophobic materials. Cbz-Phe
(4F) can self-assemble into fibrous nanostructures in an aqueous
phase. Importantly, Cbz-Phe(4F) formed self-standing materials after
having been drop-casted 3 times; it also exhibited superhydrophobic
properties (water contact angle > 150°) and high stability. Our findings
provide a novel strategy for the design and development of attractive
superhydrophobic materials using simple self-assembling amino acids.

2. Materials and methods
2.1. Materials

Cbz-Phe(4F) was purchased from GL Biochem (Shanghai) Ltd. with a
purity > 95 %. Cbz-Phe, Fmoc-Phe, and Fmoc-Phe(4F) were purchased
from Bachem AG (Bubendorf, Switzerland) Co., Ltd. with a purity of 98
%. Methanol and sodium dodecyl sulfate (SDS) were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). All reagents were analytical
purity grade.

2.2. Self-assembly of Cbz-Phe(4F)

Cbz-Phe(4F) was first dissolved in pure methanol at a concentration
of 50 mg/mL and then diluted with distilled water to allow the self-
assembly. The final concentration was 2 mg/mL.

2.3. Optical microscopy

Cbz-Phe(4F) solution was added on a glass slide for observation. The
images were recorded by an optical microscope (Axio Scope.Al, Carl
Zeiss, Germany).

2.4. Scanning electron microscopy (SEM)

First, 20 pL of Cbz-Phe(4F) solution (2 mg/mL) was drop-casted on a
clean silicon substrate and then dried in the hood. Then, the sample was
coated using a Polaron SC7640 sputter coater (10 mA, 60 s). Scanning
electron microscopy (SEM) images were recorded using an analytical
high-resolution scanning electron microscope Apreo 2S (Thermo Fisher
Scientific). The accelerating voltage was 2 kV.

2.5. Fourier transform infrared spectroscopy (FT-IR)

FT-IR was recorded using a Nicolet 6700 FT-IR spectrometer with a
deuterated triglycine sulfate (DTGS) detector (Thermo Fisher Scientific,
MA, USA) at a 4 cm ™! resolution and averaged after 2000 scans. The
sample was deposited on a CaF; plate and dried by vacuum. Then, the
peptide deposits were resuspended with D2O and subsequently dried.
The resuspension procedure was repeated twice to ensure maximal
hydrogen-to-deuterium exchange.
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2.6. Circular dichroism (CD)

The CD spectra were collected in a J-810 spectropolarimeter (JASCO,
Tokyo, Japan), using a 0.1 cm pathlength quartz cuvette for far-UV CD
spectroscopy (in the spectral range between 190 and 260 nm with a step
width of 0.05 nm) at 25 °C. The concentration of Cbz-Phe(4F) was 0.1
mg/mL.

2.7. All-atomic molecular dynamics (MD) simulations for the self-
assembly of Cbz-Phe(4F)

A Cbz-Phe(4F) molecule model was created with GaussView 6; then
the geometrical optimization and frequency calculation were performed
with the Gaussian 16 package, [25] where the M06-2X functional and 6-
311G** basis sets were applied [26,27]. DFT-D3 was involved in
dispersion corrections. Topology of the Cbz-Phe(4F) molecule was
created through the Soptop package (Tian Lu, Sobtop, Version 1.0
(dev3.1), https://sobereva.com/soft/Sobtop (accessed on 26/03/2023))
from the results of the optimization and frequency analyses. The atomic
coordinates were used to create the topology of the molecule with
Generation Amber Force Field (GAFF) and the bonded parameters were
calculated from the Hessian matrix obtained from frequency analyses
[28]. The single point energy calculation was performed using Gaussian
16 at the level of B2PLYP/6-311G** with DFT-D3 BJ Damp as dispersion
corrections. Using the results of the single point energy, wave function
analyses were performed using the Multiwfn package [29]; the
Restrained ElectroStatic Potential (RESP) charges [30] were obtained
and used for further MD simulations for the Cbz-Phe(4F) molecule. All
calculations were applied with the SMD implicit solvent model with
water as the solvent. The GROMACS MD package (version 5.1.4) was
used for the MD simulations of Cbz-Phe(4F) [31]. Cubic periodic boxes
of size 10%10*10 nm? were created to accommodate 400 Cbz-Phe(4F)
molecules; then the box was filled with TIP3P water molecules. The
system energy was minimized by the steepest descent algorithm. Then,
the system was equilibrated in NVT and NPT ensembles (T =300 K, P =
1.0 bar) for 0.2 ns with a Berendsen thermostat and a Berendsen barostat
[32]. The calculations of the long-distance electrostatic interactions and
the constraints of all the covalent bond lengths were based on the par-
ticle mesh Ewald (PME) method and the LINCS algorithm, respectively
[33]. Moreover, the cutoff distances of short-range electrostatic and van
der Waals interactions were set as 1.0 nm. The simulation was per-
formed for 200 ns (the total energy was constant during the first 100 ns,
suggesting that the states of the system were stable (Figure S3b). The
radial distribution functions (RDFs) and the hydrogen bonds were
calculated by averaging the frames from the last 10 ns of the 200 ns
trajectories.

2.8. Self-assembly of Cbz-Phe(4F) on different substrates

The polydimethylsiloxane (PDMS), silicon, glass, titanium (50 nm),
gold (50 nm), and polyethylene substrates with a size of 1*1 cm? were
sonicated for 15 min with ethanol and then washed with distilled water.
Then, the surfaces were dried by a flow of Ny. Next, 100 pL of Cbz-Phe
(4F) with a concentration of 2 mg/mL was drop-casted on each sub-
strate. The water contact angle and rolling angle were measured using a
Theta Lite optical tensiometer (Attension, Finland). The water used for
this measurement was Milli-Q water from a Millipore System (Marl-
borough, France). The droplet volume was 8 pL. All the measurements
are based on 9 repeats.

2.9. Preparation of self-standing Cbz-Phe(4F) materials

A cleaned PDMS substrate (1*1 ¢cm?) was prepared as described
above. A 100 pL drop of self-assembled Cbz-Phe(4F) solution (2 mg/mL)
was drop-casted on a PDMS substrate and then dried at room tempera-
ture. The self-standing Cbz-Phe(4F) material was prepared by drop-
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casting three times as described and then was taken from the PDMS
substrate by tweezers. The optical microscope image, SEM image and
the water contact angle were recorded.

2.10. Mechanical properties of self-standing Cbz-Phe(4F)

(1) Rheological test: The storage modulus (G’) and the loss modulus
(G’) were determined using a parallel-plate HAAKE RheoScope-1
rheometer (Thermo Haake, Langenselbold, Germany). According to
our preliminary experiments (Figure S4a), a strain of 0.5 % laid in the
linear viscoelastic region of Cbz-Phe(4F). Therefore, time sweep oscil-
lation tests were performed at a constant strain (0.5 %) and a constant
sweep (1 Hz) at room temperature. The gap distance and the diameter of
the petri dishes were 1 mm and 25 mm, respectively. (2) Atomic force
microscope (AFM) measurement: Young’s modulus and point stiffness
were recorded by fitting the approaching curve to the Hertz model.
Briefly, AFM experiments were carried out by a Dimension Icon XR
Scanning Probe Microscope (Bruker). An indentation experiment was
performed, with the microscope employed in force curve mode, and the
deflection (force) of the cantilever was plotted as a function of the
sample height. The stiffness and Young’s modulus were acquired in PF-
QNM (Peak-Force Quantitative Nanoscale Mechanical characterization)
by using a PDNISP diamond probe (k = 150 N/m, Bruker). The canti-
lever was moved over the self-standing Cbz-Phe(4F) at a speed of 2 pm
s~ ! and then was retracted to move to another area. (3) Tensile strength
measurement: The tensile strength of self-standing Cbz-Phe(4F) was
determined by conducting a standard uniaxial tensile experiment. The
sample was fixed on the tensile instrument and the dynamic force during
the stretching process was recorded. The distances between the two
grips and the loading speed were 5 mm and 0.1 mm/s, respectively. (4)
Finger-wipe stability: the self-standing Cbz-Phe(4F) material was wiped
with a finger at a load of 1 g. The water contact angle and rolling angle
were measured.

2.11. Stability of self-standing Cbz-Phe(4F) materials

The thermal, chemical, and proteolytic resistance of the self-standing
Cbz-Phe(4F) was determined. All samples after above treatments were
investigated by SEM , HPLC (High-performance liquid chromatog-
raphy), mass spectroscopy (MS) and water contact angle measurements.
(1) Thermal stability: The self-standing Cbz-Phe(4F) material was
investigated by treating it at 100 °C for 12 h. To better understand the
thermal behavior, differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA) of self-standing Cbz-Phe(4F) were carried
out using DSC (NETZSCH) and thermogravimetric analyzer Q50 (TA
Instrument, DE). The material was performed under a temperature range
of 30-500 °C and at a scanning rate of 20 °C min~! under a nitrogen
environment. (2) Chemical stability: To study the chemical stability, the
self-standing Cbz-Phe(4F) was immersed in hydrochloric acid (pH = 1),
sodium hydroxide (pH = 14), and 1 % sodium dodecyl sulfate (SDS)
solution for 12 h and then dried under ambient conditions. (3) Stability
to enzymatic proteolysis: Proteinase-K solution was prepared by dis-
solving the enzyme at 20 U mL ™! in 50 mM tris buffer (pH 8.0, 5 mM
CaCly). The HPLC analysis was performed using Waters 2695 with a
C18 LC column (5 pm, 110 1°\, 250 x 4.6 mm). The parameters were as
follows: the mobile phase consisted of acetonitrile/water (60:40, v/v);
the wavelength was 229 nm, and the flow rate was set at 1.0 mL min~'.
The mass analysis was characterized by electron spray ionization mass
spectroscopy using an LCQ Fleet Ion Trap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA USA).

3. Results and discussion
It was demonstrated that changing the position of just one fluorine

atom in a sequence can dramatically alter the hydrophobicity, amphi-
philicity, and secondary structure of peptide chains [34]. Moreover,
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leveraging the fluorous effect to direct the peptide assembly resulted in
an entirely new class of building blocks from which unique and bioactive
materials can be constructed [34]. Herein, we designed a functionalized
amino acid (Cbz-Phe(4F)) containing a fluorinated phenylalanine and a
functionalized benzyloxycarbonyl (Cbz) group (Fig. 1). Cbz, as the
simplest functionalized aromatic group, can provide not only the driving
force for the self-assembly but also the hydrophobicity. Modifying the
phenylalanine residue with fluorine also increases the hydrophobicity of
the amino acid. Our previous study demonstrated that di-/tripeptides
containing Phe(4F) residue exhibit low cytotoxicity and high biocom-
patibility [35,36]. To self-assemble the functionalized amino acid, we
dissolved Cbz-Phe(4F) in methanol and then diluted it using distilled
water to a concentration of 2 mg/mL. Similar self-assembled fibrillar
structures could also be detected using a lower concentration (0.5 mg/
mL) (Figure S1). The self-assembly of Cbz-Phe(4F) was studied experi-
mentally and by all-atomic molecular dynamics (MD) simulations. Then,
the self-assembled structures were drop-casted on different substrates
and the surface was endowed with superhydrophobicity. When the self-
assemblies were deposited on the substrates 3 times, a self-standing
superhydrophobic material was obtained (Fig. 1).

3.1. Self-assembly of Cbz-Phe(4F) in solution and on substrates

To study the self-assembly of Cbz-Phe(4F), optical microscope and
SEM analysiswere performed. As shown in Fig. 2a-b, Cbz-Phe(4F) self-
assembled into fibers with a diameter of 1 ~ 5 pm. The self-assembly
process could be driven by side-chain n-n stacking of the Cbz group
and Phe(4F) residue as well as hydrogen bonding between the amide
groups (detailed information is in the MD simulation section). For dy-
namic monitoring of the self-assembly process, optical microscope im-
ages were recorded immediately after diluting the amino acid. From
Figure S2, it can be observed that fibers gradually lengthen and then
form a crosslinked network with time. Fibrils could be detected within
30 s after dilution, indicating fast self-assembly kinetics. This rate was
previously reported for other peptides and/or functionalized amino
acids with hydrophobicity and aromaticity [19]. To gain information on
the conformation of the assemblies, circular dichroism (CD) and fourier
transform infrared spectroscopy (FTIR) were carried out. The CD spectra
had a positive peak at around 195 nm and another strong positive band
at 217 nm, suggesting a B-turn conformation (Fig. 2¢). Similar CD
spectral features were observed for other aromatic peptides that
assumed a B-turn conformation (e.g., Phe-APhe, Ala-Pro-Tyr-Gly-
NHCHs, and Leu-Pro-Tyr-Ala-NHCH3) [37,38]. FT-IR analysis was per-
formed to further ascertain the results obtained from the CD spectra. As
shown in Fig. 2d, it was noted that there was a strong shoulder at around
1690 cm ™! in the amide I band (1600-1800 cm_l, the C=O stretching
vibration), suggesting a f-turn conformation for the assemblies. Chau-
han et al. reported that Phe-APhe nanotubes exhibit a strong peak at
around 1690 cm‘l, which was identified as a p-turn structure [37]. In
addition, two other weak absorption peaks at 1636 cm ™! and 1653 cm ™!

Cbz-Phe (4F)

Self-assembly
—>

Fibers
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are also related to a p-turn conformation [39,40]. These findings are
consistent with the observation from the CD spectrum.

The self-assembly of amino acids and peptides on a solid support is
an important way to fabricate functional materials [41,42]. The self-
assembled Cbz-Phe(4F) was drop-casted on different substrates
including PDMS, silicon, glass, Ti (50 nm), Au (50 nm), and poly-
ethylene substrates with a size of 1 cm? and then dried at room tem-
perature. As shown in Fig. 2e-f, the water contact angle of the PDMS,
silicon, glass, Ti, Au, and polyethylene substrates modified with the
assemblies was 155 & 4°, 149 & 3°, 144 4 5°, 146 & 2°, 148 & 4°, and
147 + 3°, respectively. The differences in the values of the water contact
angle on the different substrates result from the substrate properties. It
has been reported that the hydrophobicity of a certain substrate can
affect the peptide/amino acid assemblies [43]. On the hydrophobic
PDMS substrate, the arrangement of Cbz-Phe(4F) assemblies resulted in
a water contact angle larger than 150°. We also measured the rolling
angle of the different substrates modified by the assemblies. As shown in
Table S1, only a modified PDMS surface showed a rolling angle lower
than 10°. This indicated that the assemblies formed by Cbz-Phe(4F)
endowed the PDMS substrate with superhydrophobicity. It has been
reported that superhydrophobic coating can be achieved using two pa-
rameters, low surface energy provided by chemical moieties and hier-
archical structure [2,44]. The Cbz-Phe(4F) molecule with its two
aromatic moieties, one of them modified by a fluorine atom provides a
low surface energy chemistry. Besides, the self-assemblies on the surface
with a random arrangement of fibrous structures (Fig. 2b) provide the
surface roughness. We also compared the water contact angle of PDMS
surfaces drop-casted with Cbz-Phe, Fmoc-Phe, or Fmoc-Phe(4F) with
that of Cbz-Phe(4F). The results are shown in Table S2. The PDMS cast
with Cbz-Phe had a water contact angle of 108 + 3°, which is lower than
the one obtained for the fluorinated amino acid. This suggests that
introducing fluorine into Cbz-Phe(4F) molecules enhances the hydro-
phobicity of the assemblies. It was reported that the presence of fluorine
atoms within peptides can often favorably alter the biophysical and
chemical properties, such as hydrophobicity, acidity/basicity, reac-
tivity, and conformation [34,45]. Moreover, Fmoc-Phe and Fmoc-Phe
(4F) showed a water contact angle of 110 + 2° and 128 + 4°, indi-
cating that Cbz-functionalized amino acid was inclined to self-assemble
into superhydrophobic structures. These findings indicate the super-
hydrophobic properties of Cbz-Phe(4F), displaying sufficient super-
hydrophobicity on solid surfaces, which can be useful for further
generating superhydrophobic coatings/surfaces when compared to
other functionalized phenylalanine amino acids.

3.2. Molecular simulation for Cbz-Phe(4F) self-assembly

To illustrate the structures and interactions of the assemblies formed
by Cbz-Phe(4F), all-atomic molecular dynamics (MD) simulations were
performed. The architectures of Cbz-Phe(4F) are shown in Fig. 3a. It was
found that Cbz-Phe(4F) aggregates and forms long fibril assemblies,

A surface endowed with
superhydrophobicity

material

Fig. 1. The scheme illustrates the self-assembly of Cbz-Phe(4F) and the formation of self-standing superhydrophobic material made of Cbz-Phe(4F). Cbz-Phe(4F) can
self-assemble into fibrous structures on the solid substrates and endow the substrates with superhydrophobicity. To generate superhydrophobic materials, the self-
standing superhydrophobic material was formed by drop-casting Cbz-Phe(4F) on a PDMS substrate three times.
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Fig. 2. (a) Optical microscope images and (b) SEM images of the self-assembled structures formed by Cbz-Phe(4F), (c) Circular dichroism (CD) spectrum (190-260
nm) of the assemblies formed by Cbz-Phe(4F), where the peak position can provide the structural information of assemblies, (d) Fourier Transform Infrared
Spectroscopy (FT-IR) spectrum (1600-1700 cm ™) of the assemblies formed by Cbz-Phe(4F), where the peak around 1600-1700 cm ! also provides the structural
information for these assemblies, (e) the water contact angle for different substrates (PDMS, Silicon, Glass, Ti, Au, and Polyethylene substrates) modified with Cbz-
Phe(4F), and (f) the representative image of the water contact angle measurement on the PDMS substrate (water contact angle > 150°). SD was based on 9 repeats.

accounting for the fibrous structures observed using an optical micro-
scope and SEM (Fig. 2a-b). The RDF/g(r) for the Cbz-Phe(4F) molecules
in the system is shown in Fig. 3b. The g(r) value is larger than 1, indi-
cating aggregations of the Cbz-Phe(4F) molecules. Two peaks are
located at around 0.5 nm and 1 nm in the g(r) profile, respectively,
indicating two different packing patterns of Cbz-Phe(4F). The simula-
tions (Fig. S3a) revealed that there were 80 ~ 100 hydrogen bonds
between 400 Cbz-Phe(4F) molecules. According to the results of g(r) and
based on the number of hydrogen bonds, we suggest that the backbone
of Cbz-Phe(4F) aggregations (Fig. 3c) is stabilized through hydrogen
bonds, whereas the isotropic growth (Fig. 3d) of the aggregates is driven
by hydrophobic interactions. Such a proposal can be confirmed by the
observations from the architecture of the Cbz-Phe(4F) aggregations. As
shown in Fig. 3c-d, the center of mass of each Cbz-Phe(4F) molecule was
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denoted by orange spheres, which were connected if their distances
were smaller than 0.5 nm (Fig. 3¢) or 1.0 nm (Fig. 3d). Fig. 3¢ shows that
the centroids within a distance of 0.5 nm were linked in a “single-single”
pattern, corresponding to the formation of the backbone of the aggre-
gates. On the other hand, numerous centroids within a distance of 1 nm
were connected with a “single-multiple” pattern, leading to the isotropic
growth of the aggregates. Such observations might illustrate the results
of g(r) and the number of hydrogen bond analyses. We also noted that
the potential and the total energy of the simulation system were constant
during simulation, and we think that the system was in a (meta-)stable
state (Figure S3b). Since the gyration radius (Rg) of a polymer revealed
the molecular size in different dimensions, Rg values were determined
during the aggregation of those Cbz-Phe(4F) molecules as shown in
Figure S3c. Given that Cbz-Phe(4F) molecules were distributed evenly
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Fig. 3. The all-atomic molecular dynamics simulations of self-assembled Cbz-Phe(4F). The Cbz-Phe (4F) architecture of (a) Representative aggregations, (b) RDF/g
(r) of Cbz-Phe (4F) molecules, (¢) molecular centroids within 0.5 nm connected by a yellow rod, and (d) molecular centroids within 1 nm connected by a yellow rod.

and randomly in the simulation box, the initial values of Rg in X-, Y- and Rgx and Rgz decreased, while there was little change in Rgy during the
Z-directions should be close to each other, as observed from the begin- whole simulations. Such observations indicated that those Cbz-Phe(4F)
ning of the simulations. After around 500 ps of simulations, however, molecules aggregated from X- and Z-directions and the aggregates

(d) T

10000+ e G

©
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_B '. °

o e ."o""o¢0000°
~150° 1000 : : : : :
150 lom 0 1 2 3 4 5

Time (min)

Fig. 4. (a) An optical image of the self-standing Cbz-Phe(4F), (b) an optical image of the self-standing Cbz-Phe(4F) fixed by tweezers, (c) photograph of water
droplets dyed by Rhodamine B on self-standing Cbz-Phe(4F), and (d) storage modulus of self-standing Cbz-Phe(4F) material.
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expanded in Y-direction. The snapshot of MD simulations exhibited the
self-assembly of Cbz-Phe(4F) more straightforwardly. It was supposed
that Cbz-Phe(4F) molecules first formed the structural backbone by
hydrogen bonds and then the aggregates expanded non-isotropically.
String-like aggregates were formed mainly by hydrophobic in-
teractions, which would further lead to the long fibrous structures at the
macro scale.

3.3. Characterization and mechanical properties of self-standing Cbz-Phe
(4F) materials

To generate a self-standing superhydrophobic material, we drop-
casted the assemblies formed by Cbz-Phe(4F) on a PDMS substrate (1
cm?) 3 times. Then, the dried assemblies could be easily removed from

200 300 400 500
Temperature ('C)

100

0

Journal of Colloid And Interface Science 655 (2024) 899-908

the substrate using tweezers. This process resulted in a white self-
standing material (Fig. 4a-b). Moreover, this self-standing Cbz-Phe
(4F) material had a water contact angle larger than 152°+2° (Fig. 4c).
The optical microscope image and SEM image revealed the formation of
a microfiber network with a diameter of 1-5 pm formed by Cbz-Phe(4F)
(Figure S4b and Fig. 5a). To investigate its mechanical properties, the
rheology, AFM, and tensile strength were determined. Fig. 4d shows that
the G’ value was significantly higher than the G’* value, suggesting the
elastic solid behavior of self-standing Cbz-Phe(4F) [46]. The average G’
and G’ values were 2.4 & 0.8 kPa and 0.2 + 0.02 kPa, respectively; the
G’ value was significantly higher than the G’ value. These results
indicate that the self-standing Cbz-Phe(4F) has high rigidity; the G
value of Cbz-Phe(4F) was comparable to that of peptide amphiphile
hydrogels and functionalized amino acid/dipeptide hydrogels [47,48].

Release
of Phe(4F)

Thermal
decomposition

200 300 _ 400 500
Temperature (C)

100

Fig. 5. SEM images of the self-standing Cbz-Phe(4F) (a) Untreated, (b) Treated with 1 % sodium dodecyl sulfate (SDS) for 12 h, (c) Treated with hydrochloric acid
(pH = 1) for 12 h, (d) Treated with sodium hydroxide (pH = 14) for 12 h, (e) Digested by proteinase K (20 U mL™Y), and (f) Treated by heating at 100 °C for 12 h.
Thermal analysis of self-standing Cbz-Phe(4F) was characterized by (g) TGA and (h) DSC. The scale bar represents 10 pm.
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Next, we also characterized the mechanical properties using AFM
(Figure S4c). Typically, the cantilever approached the self-standing Cbz-
Phe(4F) and retracted at a constant speed; Young’s modulus was ob-
tained by fitting the force-distance traces with the Hertz model [16]. The
measured elasticity of self-standing Cbz-Phe(4F) had a Young’s modulus
of 53 + 10 GPa and a stiffness of 449 + 58 N/m, indicating rigid me-
chanics. The observed value of Young’s modulus was significantly
higher than that of some other biomaterials reported previously, such as
L-Phe fibers (5.8 GPa), DNA-based structures (0.3-2 GPa), and insulin
self-assembling nanofibers (0.28 GPa) [16,49,50]. The stiffness value of
Cbz-Phe(4F) self-standing material was also greater than that of diphe-
nylalanine nanotubes (150 N/m) and Boc-Phe-Phe-OH spheres (430 N/
m) [51,52]. We suggest that the stiffness stems from the strong molec-
ular packing and aggregations (Fig. 3). Moreover, the tensile strength of
self-standing Cbz-Phe(4F) was also evaluated. As shown in Figure S4d,
the force was rapidly increased in the first 0.2 mm and then decreased,
indicating that the structure initially was destroyed at a displacement of
0.2 mm. The peak force was 0.015 N, suggesting the weak tensile
strength of self-standing Cbz-Phe(4F). We propose that the structure of
the materials consisted of self-assembling fibrous aggregation and
stacking, where the assemblies were stabilized by non-covalent in-
teractions. Our self-standing functionalized Cbz-Phe(4F) with super-
hydrophobic properties can serve as a novel superhydrophobic material.

3.4. Chemical and thermal stability of self-standing Cbz-Phe(4F)
materials

We investigated the chemical, thermal, and enzymatic stability of
self-standing Cbz-Phe(4F). For chemical stability, self-standing Cbz-Phe
(4F) was incubated in hydrochloric acid (pH = 1), sodium hydroxide
(pH = 14), and 1 % sodium dodecyl sulfate (SDS) solution for 12 h. As
shown in Fig. 5a, the untreated self-standing Cbz-Phe(4F) showed a
microfibrous network with a diameter of 1-5 pm. Fig. 5b-c shows that
self-standing Cbz-Phe(4F) maintained its structural integrity after
treatment by 1 % SDS and HCI (pH = 1), indicating a high stability under
these conditions. Moreover, it can be also seen from Table S3 that the
peak position of HPLC and the mass-to-charge ratio (m/z) did not
change, compared to the untreated sample. It was observed that the Cbz-
Phe(4F) microfibers had almost disintegrated after treatment with a
basic solution (Fig. 5d). However, the HPLC and MS results were similar
to those of the untreated sample. These results indicate that Cbz-Phe(4F)
had disassembled under a basic environment rather than changing its
molecular composition. When applying peptide-/amino acid-based
functional materials, enzymatical stability is desirable [53]. Fig. 5e
shows that no notable variations could be observed before and after
incubating the self-standing Cbz-Phe(4F) with the enzyme, suggesting
that the Cbz-Phe(4F) material showed resistance to enzymatic proteol-
ysis. Furthermore, thermal stability is another key factor in evaluating
the stabilities of functional materials. As shown in Fig. 5f and Table S3,
the structure, peak position of HPLC, and the m/z did not change when
exposed to 100 °C for 12 h. To investigate the superhydrophobicity after
chemical and thermal treatment, we measured the water contact angle
and rolling angle after chemical and thermal treatments. It was clear
that the self-standing Cbz-Phe(4F) material was stable and remained
superhydrophobic after chemical and thermal treatments besides the
treatment with NaOH. To further study the thermal stability, the self-
standing of Cbz-Phe(4F) was investigated using DSC and TGA. As
shown in Fig. 5g-h, the DSC and TGA thermogram showed that the Cbz-
Phe(4F) residue had completely decomposed at around 400 °C. More-
over, it was also observed that the self-standing Cbz-Phe(4F) maintained
stability under 200 °C (Fig. 5g), which confirmed the results of thermal
stability at 100 °C (Fig. 5f and Table S3). Importantly, self-standing Cbz-
Phe(4F) presented an endothermic DSC peak at 300 °C, which could
correspond to the release of Phe(4F) residue. Other studies revealed that
the release of phenylalanine (Phe) residue in diphenylalanine was pre-
sented at 175 °C [42]. This suggests that introducing fluorine into
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phenylalanine residue could enhance the stability of amino acids and/or
peptides. It was also noted that an endothermic peak was centered at
100 °C, which could be attributed to the evaporation of residual distilled
water from the self-standing Cbz-Phe(4F). Subsequently, we also per-
formed a finger-wipe test for the self-standing Cbz-Phe(4F). As shown in
Table S4, the water contact angle and rolling angle did not decrease
after finger-wipe with a load force of 1 g. This indicated that the coating
has good mechanical stability. These results indicated that the self-
standing Cbz-Phe(4F) exhibited high stability and sufficiently high ri-
gidity, which can be utilized in biomaterial applications.

4. Conclusions

In this work, we designed a functionalized amino acid that can self-
assemble into a self-standing superhydrophobic material. This amino
acid, Cbz-Phe(4F), self-assembled into microfibers with f-turn structures
in the aqueous phase. According to MD simulations, the formation of the
fibers is governed by hydrogen bonds along with hydrophobic in-
teractions (mainly © — = stacking). Cbz-Phe(4F) molecules first aggre-
gate to form a fibrous backbone by hydrogen bonds and then became
isotropic by hydrophobic interactions. Moreover, Cbz-Phe(4F) can
endow different substrates with superhydrophobic properties (water
contact angle > 150°). Interestingly, when we drop-casted the Cbz-Phe
(4F) assemblies three times on the substrates, self-standing rigid mate-
rials with superhydrophobicity were formed. The self-standing Cbz-Phe
(4F) had high rigidity, with a Young’s modulus of 52.86 GPa. Impor-
tantly, the self-standing Cbz-Phe(4F) was stable against proteinase K
digestion, thermal treatment, harsh acid environment, and the surfac-
tant SDS.

We describe, for the first time, the self-assembly of an individual
amino acid into a self-standing superhydrophobic material. Compared to
other synthesized materials, [4,6,7,54] the self-assembly of amino acids
into superhydrophobic materials broadens the scope of application of
superhydrophobic materials due to their inherent biocompatibility and
biodegradation. Moreover, the low manufacturing cost and simple
process method (by drop-casting) of Cbz-Phe(4F) provide an adequate
large-scale production track for superhydrophobic materials. Impor-
tantly, this self-standing superhydrophobic material has a remarkable
mechanical strength, which is more than ten times higher than other
biomolecular self-assemblies [16,49,50]. Moreover, this super-
hydrophobic material has high chemical, enzymatic and thermal sta-
bility, therefore it is more durable than thin superhydrophobic coatings.
As a self-standing three-dimensional (3D) superhydrophobic material,
this compound can be useful for drug delivery, as a barrier in different
devices and as an adsorber of hydrophobic contaminants [55,56]. Our
work provides a novel strategy for the design and development of
attractive and smart superhydrophobic materials using simple self-
assembling amino acids.
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