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Abstract:

As a small molecule, N-(9-Fluorenylmethoxycarbonyl)-glycine (FG) possesses a
hydrophobic plane domain (m-conjugated section) and a hydrophilic domain (amino
acid section), which can be designed into multi-dimensional self-assembly structures
under dual tunings. Through controlling the concentration of T-shape FG the
transformation between various morphologies have been achieved: vesicles are
obtained at low concentrations (0.0025~0.005 wt%); helical fibers can be found at the
concentration of 0.2 wt% though Gly has no stereocenter, resulting in a birth of chiral
organization; fibrous bundles can accumulate into three dimensional network to
finally form supramolecular gel. Taking an example of gel, we devised a variety of
nanostructures including nanoparticle, microparticle, nanoribbon and membrane
gotten by adding base. The mechanism of self-assembly formation has been
investigated and this system is hoped to enrich the category of nanomaterials from

amino acid or short peptides.

Self-assembly

Keywords: multi-dimension, dual-tuning, nanostructures, self-assembly

1 Introduction:

Recently, multi-dimensional self-assemblies have attracted much attention, due to the
ability of producing well-defined architectures, which have great applications, such as
in nanomaterials, drug release, catalysis and biosensor.' The manifestation of

functions of these materials is based on the various morphologies (0-D vesicle or solid
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sphere, 1-D nanotube or helix, 2-D membrane and 3-D gel network) to some extent.
For example, amphiphilic molecule has the ability of forming micell or vesicle.” The
hermetic bilayer of vesicle can allow a hydrophilic cavity to entrap suitable active
molecule.” Through controlling the aggregation/disaggregation behaviors of vesicle,
one can achieve drug release/delivery, enhanced solubilizing effect, embedding
function.* Another example is the nanotube or nanofiber (1D) which shows favorable
properties, achieving functions in constructing transmembrane channel, making
microelectron, encapsulation, medicine.” Moreover, the helical fiber (1D) gives a
deeper insight into the specific interactions between functional molecules.’ Especially,
n-conjugated molecules are the building blocks of solid-state architectures to
self-assemble hierarchically into nanotubes.” For planar membrane, the fascinating
properties have a wide application in biocatalytic template, transfer information,
molecular recognition.® Finally, as a representative supramolecular bulk phase, gels
constituted by a 3D network of fibers by encapsulating solvent under the capillary
forces. Meanwhile, intermolecular interactions endow gel with many unique
properties such as shape memory, self-healing, biocompatibility and solid-like

strength to be applied in the biological culture.’

During the procedure of the construction, noncovalent interactions, such as hydrogen
bonding, n-r stacking, Vander Waals interactions or metal-ligand coordination play
key roles in the self-aggregation behaviors.'” It is also worth to note that
supramolecular materials are more convenient in realizing stimuli-responsiveness than
the conventional materials as the presence of the reversible non-covalent bonds. The
responsive property makes it easier to design materials with morphological and
dimensional changes. In addition, different solvent environments have influences on
the formation, mechanical strength, nanomorphologies of supramolecular
assemblies.'' Although supramolecular gel includes two major categories depending
on solvent: organic solvent and water solvent, organo-hydro (or hybrid) solvent
displays a special forming process by mixing an organic solvent and water solvent

relying on good/poor solvent strategy.
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In nature, amino acid and oligopeptide, as small bioactive molecules, are of great
significance in the life system because of the biological compatibility and imported
functional groups.'?> Multiple nanostructures which possess sensitive responsiveness:
pH, temperature, concentration, redox, mechanical force and light can be
spontaneously fabricated by the supramolecular molecules designed through
appending various functional groups on building blocks."> An important feature of
amino acid assembly is the functional group of amide, and the driving forces
including hydrophobic/hydrophilic interactions and intermolecular hydrogen bonds
(H-bonds) are the keys for self-aggregation behaviors. More importation of functional
groups (fluorenylmethoxy carbonyl, anion/cation and linear molecule) brings up the
self-assembly with diverse morphologies and functions. Scientists have built
well-defined nanomaterials in water via the self-assembly of amino acid, amphiphiles,
n-conjugated molecules.'* A few successful works leave no doubt about the influence
of amino acid-containing gel in supramolecular self-assembly.'> Nonetheless, it is a
big challenge to tuning about the formation of materials, including dimension, size
and strength. And a unique approach to achieve responsive self-assembly of a sole
molecule at low concentration by simple mixed approach (below 5 wt%)were rarely

reported.

Here, we report a simple way to design multidimensional self-assembly based on a
small bioactive molecule. FG, a special T-shape amphipathic molecule, was used as
the sole device bearing an aromatic plane group (conjugated group) and amino acid
group. Upon tuning of the FG concentration, vesicles, helical ribbons, a 3D network

of molecular gels was successively manufactured. Self-assembly behavior brought

about not only various controllable morphologies, but also the birth of chiral assembly.

What’s more, it was straightforward to make a molecular gel for further study. So we
chose a well-defined gel to investigate the responsiveness of base. The 3D network of
gel was transformed into the morphologies with different dimensionalities such as
nanoparticles, microparticles, bamboo-like fibers and membrane upon the addition of

base. These attractive benefits leaded us to construct the self-assembled structures
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based on bioactive small molecules. We deeply studied the forming process of
multiple morphologies, special properties of self-assembly structures and proved
some novel understanding of the natural mechanism of molecular arrangement.
Dual-tuning nano/micromaterials with different dimensionalities were designed,

displaying potential applications in biosensor, smart materials and cell scaffold.

2 Experimental sections:

2.1 Materials

N-fluorenyl-9-methoxycarbonyl glycine acid was purchased from Aladdin Chemical
Reagent Co. Ltd., Shanghai, China. All the other reagents were purchased from
Country Medicine Reagent Co. Ltd., Shanghai, China to AR grade. All the reagents
were used without further purification.

2.2 The preparation of the samples

All the samples were prepared according to different ethanol-water solvent ratios from
1/9 to 9/1 (v/v). A certain amount of FG was dissolved into ethanol to get a
transparent solution and then water was added to the solution under ultrasonic
conditions. A series of self-assembly systems were formed at different weight
concentration of FG.

Gel containing 1 wt% gelator was chosen for further study of base responsiveness
because of its good mechanical properties and stability at room temperature. When
different amount of NaOH was added into the gel, a variety of phenomenas were
observed. Finally, Transmission Electron Microscopy (TEM) was used to study the
stimuli-responsiveness of these gel systems.

2.3 Characterization

Samples were stained by the phosphotungstic acid for TEM and measured through a
JEM-100CX 1II electron microscope (100 kV). Dry samples were kept in vacuum
desiccators for 24 h and the microstructures of the samples were studied by
Field-emission scanning electronic microscopy (SEM, ZEISS SUPRA 55). Optical
pictures were obtained under optical microscopy (OM) by adjusting the focal length

and magnifying multiple with enough apertures. UV-vis spectra were recorded at
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room temperature with a TU-1800pc UV-vis spectrophotometer. Cell length was
fixed as 0.1 mm. Samples were measured on a German Bruker/D§ ADVANCE
diffractometer with Cu Ka radiation (A= 0.15406 nm, 40 KV, 40 mA) for X-ray
diffraction (XRD) experiments. Helix fibers were measured at room temperature with
a JASCO-J810 Circular Dichroism Spectrometer for circular dichroism (CD) spectra.
A Thermo Haake RS6000 rheometer was used to study the rheological properties of
wet gels. The thermal gravity analysis (TGA) and differential scanning calorimetry
(DSC) thermogram were recorded with the temperature ranging from 80 to 350 °C at
the heating rate of 10 °C/min under a N, atmosphere with the reference of empty
aluminum. Dynamic light scattering (DLS) was done for the grain size of samples.
The sample solution was prepared by filtering under a 450 nm millipore filter into a
clean scintillation vial. The optimized molecular models are drawn by the software

Materials Studio 5.5 by Accelrys.

3 Results and Discussion:

3.1 Self-assembly behavior of FG molecule

The multifarious self-assemblies of FG (Fig. 1a) were fabricated by adding different
amounts of FG ethanol solution into distilled water through good/poor solvent
strategy.'® This molecule contains a hydrophobic plane part and a hydrophilic amino
acid part formed threadlike fibers (Fig. lc left) with certain orientation (Fig. 1b) at
low concentration through observing the optical microscope image under polarized
light. With the increase of FG concentration, a series of supramolecular gels were
generated at room temperature. The gel gradually (Fig. lc middle) presented a
semitransparent view and Fig. 1c right displayed a white gel. So the self-assembly
behavior of FG exhibited a concentration-dependent impact with different bulk

phases.
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Flg.ﬂli a) Molecular fofmula ‘of FG, b) the optical microscope image of the complete
sample under polarized light, c) the optical images of FG at different concentrations
(from left to right: Cyg = 0.2 wt%, 0.5 wt%, 1 wt%; ethanol/water (v/v) =3/7).

In order to show the process of self-assembly, the concentration of FG and the ratio of
ethanol/water are two key factors to control the formation of the self-assemblied
structures.'” Generally, the weight percent of the gelator kept below 10 %. As shown
in Fig. 2, multiple self-assembly behaviors can be observed in the solvent volume
ratio from 3/7 to 5/5. Dotted circle shows the possible area of vesicle (0.0025 ~ 0.005
wt%). The range of gel formation depends on the comprehensive effect between the
concentration of FG and the volume ratio of mixed solvents. The solutions at low
concentration (0.1 ~ 0.2 wt%) of FG could be easy to form gel even if the solvent
volume ratio was small (1/9 ~ 2/8), which confirmed the fact that water was an
induced factor in gel formation.'® Obviously, high concentration of FG is conducive to
the formation of gel and the solvent ratio can be loosened accordingly. Other areas of
the Fig. 2 include solution, floccus and precipitate.
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Fig. 2 Phase diagram of the system. Dashed line: speculated boundary of gel and
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precipitate; dashed circle: possible range of vesicle.

3.2 Morphological studies

TEM and SEM were employed for investigating the morphologies of the
self-assembly. In Fig. 3a, the uniform nanoparticles can be observed as a 0D structure
and the size is about 200 nm. From the enlarged view, the hollow shell proves the
nature of vesicle which can be observed with different degree of darkness.
Furthermore, the DLS characterization gives an average hydrodynamic radius (Ry) of

201.5 nm (Fig. 3b) which also reveals the vesicle structure at low concentration.
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Fig. 3 a) TEM image of the sample (Cgg = 0.005 wt%, ethanol/water (v/v) = 3/7), b)
DLS distributions of the sample.

On the middle concentration range (e.g. 0.2 wt%), loosely packed nanofibers will be
given. As shown in Fig. 4a, we surprisingly observed the presence of helical ribbons
in spite of the absence of stereocenter of glycine.”’ Clearly, the stacking of Fmoc
moieties play a vital role in determining the twisted structure in a molecular scale.
The original solution was injected into water under ultrasound and the mixed system
was deposited at room temperature, then the helical fibers grew up gradually. So the
fibers look threadlike under the enough space environments (Fig. S1). Generally, the
supramolecular helical structure derives from chiral amplification, which means the
transfer of molecular conformational chirality to morphological chirality in the overall
superstructure. But for achiral molecules, the process of forming super-chirality, as
called symmetry breaking, is based on the subtle intermolecular interactions among
building blocks. In this mode, the molecular aggregation with some molecular angles

in certain orientations may be caused by some space (steric hindrance) or orientational
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interactions factors. Especially, the hydrogen bonding, as a highly directional
non-covalent interaction, has a profound influence on the molecular arrangement.'
Proof for the helical structure comes from the CD spectrum of the system containing
0.2 wt% FG compared with those containing 0.005 wt% or 2 wt% FG. The helical
fibers show left- (M) or right-handed (P) twists, which can be measured by CD
spectrum. The strong negative signal verifies the super-chiral assembly at 0.2 wt% FG
(Fig. 4b) belongs to left- (M) twist, which is coincided with the result of SEM. To
further demonstrate the formation process of the helical fibers, time-dependent optical
microscope images were employed. We can find the submicron particles occur first
and then the short fibers appear. Finally, the vimineous fibers extend in 1D up to
hundreds of micrometers or even longer which provides some evidence for
subsequent analysis of forming mechanism (Fig. S2).* In spite of the T-shape
molecule without chirality, the birth of chiral fibers may be induced by the constituent
amino acid. What’s more, the n-m stacking assembly is expanded by these helical
fibers. The hydrophilic part and Fmoc aromatic part can control the twisting ability of
self-assembly in our systems. This causes the molecules to rotate at different angles
relative to each other, thereby resulting in the formation of the optimum molecular
geometry with a molecular twist. The substituent of amino acid in peripheral positions
results in an overcrowded environment during stacking, thus leading to an uneven

symmetry breaking and the formation of chiral assemblies.*’
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Fig. 4 a) TEM image of the helical fibers (Crg = 0.2 wt%, ethanol/water (v/v) = 3/7),
b) CD spectrum of the helical fibers.

The TEM (Fig. 5a) and SEM (Fig. 5b) images reveal that the 3D network is composed
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of 1D nanofibers with the increase of the FG concentration.” Inset in Fig. 5a displays
a rigid and free-standing gel-like structure. It is interesting that the helical fibers
change to the clusters of wires and fibers after increasing the FG concentration. To
further elucidate the properties of the supramolecular system, we performed
rheological measurement to study the viscoelasticity of the gel. The dynamic
oscillatory stress sweep image (Fig. 6) shows the characteristic of supramolecular gel
of which storage modulus G' is higher than the loss modulus G".** The G' (~ 4000 Pa)
at 0.5 or 1 wt% FG concentration is high enough to show the strong mechanical
strength of the gel and the G' is about ten folds than the G" which corroborates the gel
is composed of well-behaved structure.” It should be noted that, after increasing the
concentration of FG, although the gel owes the higher density, we could hardly find
the presence of helical fibers. Only rigid, straight and bounded fibers are given.
Definitely, concentration-dependent complex pathways control the self-assemblies of

FG in mixed solvent environment, generating diverse phases and nanostructures.

Fig. 5 TEM (a) and SEM (b) images of the supramolecular gel (Cgg = 1 wt%,
ethanol/water (v/v) = 3/7), inset: optical image of the gel.

It is noteworthy that the system with 0.2 wt% FG is similar to a gel of which the G' is
larger than the G" (Fig. 6a). Nevertheless, it is a gellike because it can flows with
inversion test. We suspected that it is a transition state between solution and gel fibers.
On account of the weak strength, the gellike of 0.2 wt% FG could not be stable for the
properties of gel owing to the deficiency of fiber density. Frequency sweep of

rheological measurements was carried out to study the strength of the gel.*
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Fig. 6 Dynamic oscillatory stress sweep of the samples at different concentrations of
FG (a, 0.2 wt%; b, 0.5 wt%; ¢, 1 wt%; d, 2wt%; ethanol/water (v/v) = 3/7).

[m]
ogoob

As shown in Fig. 7, smooth curves display the stabilities of the gels following the
change of rotational frequency. All the G’ at about 1000 Pa proves the gels possess
well mechanical strength. Fig. 7 has no curve about the 0.2 wt% FG-containing
system, corroborating aforementioned observations. What’s more, the gel (Fig. S3)
immediately forms when mixing the solution of 2 wt% FG and water, which is
different from the gradual process of the gel formation with 0.5 or 1 wt% FG. From
the data of Fig. 6d and Fig. 7c, the gel formed by 2wt% FG is weaker than the gel
with 0.5 or 1 wt% FG, which may be a crystal-like gel with short fibers.”’
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Fig. 7 Frequency sweep of the samples at different concentrations of FG (a, 0.5 wt%;

b, 1 wt%; c, 2 wt%; ethanol/water (v/v) = 3/7).

The optical microscope image under polarized light is not only powerful technique for
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measuring the microsturcture of system, but also simple method of providing the
molecular arrangement.”® As shown in Fig. 8, some well-oriented morphologies are
confirmed by the strong birefringence. The gel fibers exhibit a high ordered structure
which suggests the sol-to-gel transition enables the FG molecules to aggregate along
the specific direction driven by the intermolecular interactions.” The one-dimensional
orientation of FG improves the color and anisotropic properties. The consequence that
long fibers (Fig. 8a, b) are formed at low concentration and the short fibers are formed
(Fig. 8c, d) at high concentration is consistent with the data of rheology.*® On the one
hand, the aggregation of FG molecules with specific orientation at low concentration
is easy to emerge helical and long fibers tardily at low concentration. The free degree
of molecules tends to decrease with an increase of the concentration because the
intermolecular interactions, especially m-m stacking, hydrogen bonding and the
intermolecular space resistance, become obvious and strong.”' So the fibers in Fig. 8c,
d display shorter appearance but more luminous color than the fibers in Fig. 8a, b. On
the other hand, the time of the self-assembly formation is also a key of the strength
and morphology of system.3 In Fig. 8a, b, the gel fibers are shaped tardily and the FG
molecules have enough time to germinate along the certain directions. However, the
gels (Fig. 8c, d) formed immediately by mixing FG solution and water are not
provided enough time to grow freely. So the fibers exhibit short and are only focused
on the limited directions. As shown in Fig. S3, the whole fibers are like the
conglutination of the straight and thin fibers which are similar to the helical fibers in

size (Fig. S1).
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Fig. 8 Optical microscope images at different concentrations of FG (a, 0.5 wt%; b,

1wt%; ¢, 2 wt%; d, 3 wt%; ethanol/water (v/v) = 4/6) under polarized light.

3.3 Mechanism studies
To understand the thermal stability and molecular self-assembly, DSC curves were

detected for pure FG and dried self-assembly samples.”> As shown in Fig. 9, an

endothermic peak in the curves of the dried samples is found at 100 ~ C (the boiling

point of water), which is from the evaporation of water. Without the pure FG molecule,
the curves of the dried self-assembly samples have two small endothermic peaks (the
range: 120 ~ 160 "C, marked by the dashed line), which indicates the thermal stability
of the systems has been modified by the intermolecular interactions, such as n-m

stacking and hydrogen bonding. Meanwhile, there are two strong endothermic peaks

(~175 "C,~265 "C)in each curve. They are from the degradation of the carboxyl and

hydroxyl groups and the separation of m-m plane.* The pure crystal owns the excellent
thermal stability because of its structured and ordered arrangement of molecule. So
the two peaks have the respective highest temperature (dotted lines). What’s more, we
can find that the peaks of the self-assembly shift more closely to the corresponding
peak of the pure FG molecule at high FG concentration. Therefore, the self-assembly
process promotes the transform of sol-gel and improves the thermal stability.*
Compared with the helical fibers at 0.2 wt% FG, the gels (0.5, 1 wt% FG), a 3D
network of gel fibers filled with solvent, are closed to the solid crystal, which is
consistent with the properties of rheological measurements. These gels possess strong
strength and well-ordered orientation of molecules. It maybe provides a new approach

to designing a temperature-responsive material.
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Fig. 9 DSC curves of dried samples at different concentrations of FG and solvent
ratios.

UV-vis spectra provide information regarding the aggregation of fluorophores. There
are two strong absorption peaks of FG in Fig. 10. Compared with the curve of the FG
solution, the spectrum of the self-assembly samples have tiny blue shift of the
absorption peaks from 264 nm to 262 nm.*® So the blue shift indicates the existence of
intermolecular interaction between aromatics. Secondly, another blue shift from 298
nm to 294 nm deeply represents a strong intermolecular conjugation which is most
likely due to the face-to-face type m- stacking of the Fmoc functional group.’” Finally,
the curve of the gel at 0.5 wt% FG has an obvious absorption at 310-370 nm, it can be

explained by the formation of gel which show a certain turbidity.

1.5

0.5 wt% 4-6
— 0.2 wt% 4-6

0.1 wt% 4-6
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—
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Fig. 10 UV-vis spectra of the samples at different concentrations of FG with the same

solvent of 4/6 (v/v).

3.4 The morphological changes by adding base
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In an effort to investigate more responsiveness of the FG self-assembly system, we
chose a well-behaved and stable gel (1 wt% FG) to study deeply. TEM in Fig. 11
commendably illustrates the appearance changes of the gel (Fig. 5) switched by the
addition of base. As shown in Fig. 11a, A little amount of base is just like a trigger to
cut off the gel fibers (like bamboo leaves). Then, the fiber-containing 3D network
disappears and the flocculent membrane (2D structure), interspersed by nanoparticles,
covers the entire field of vision (Fig.11b) when added suitable base.*® Finally, the gel
fibers are dissociated to big particles with the addition of the excess base (Fig. 11c). It
seems that the base breaks up the hydrogen bonding between FG molecules, inducing
the disaggregation of the gel fibers: firstly, shorter fibers; secondly, thinner floccules;
finally particles, which is contrary to the time-dependent process of self-assembly.*

The multifarious morphologies induced by base are worthy of the further study in

biological tissue field.

Fig. 11 TEM images of the samples (FG concentration is 1 wt%, solvent volume ratio

is 3/7) with the addition of base (NaOH: a 0.2 g, b 0.005 g, c 0.001 g).

3.5 The molecular arrangements
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Fig. 12 a) XRD patterns of FG and the dried self-assembly structures, b) molecular

simulation diagram.

To explore the essential mechanism of the self-assembly behavior, XRD was
performed to supply the information of the molecular microstructure.®® The diffraction
pattern displays a series of peaks. The first intense reflection at 20 = 4.7 * corresponds
to a calculated d spacing of 1.8 nm. The ratios of sin’0 are consistent with the
parameters of body-centered cubic so the initial six lattice planes can be marked in
Fig. 12a. Meanwhile, when the molecules self assembly at the concentration of 0.2
wt% FG, the XRD pattern shows that the four major peaks at 4.5, 9.2, 13.8, 18.5 *of
which the ratio of d spacing are calculated as 1:1/2:1/3:1/4. It proves the presence of
lamellar structure formed by the parallel stacking along their long single fibrils.*'
From Fig.12b, we can obtain that the interlayer spacing is 1.93 nm smaller than the
twice of the molecular size (1.09 nm). Because the n-n stacking engenders the overlap
of molecule and the interspace between layers also changes the d spacing. The first
peak shifts to the smaller angle, indicating that the self-assembly structures are looser

than the FG crystal. With the increase of the FG concentration, the lamellar stacking is
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more close to the crystal arrangement of initial FG, which is from that XRD pattern
emerges more peaks like in pure crystal and the first peak approaches to crystal.*?
There is a transition state (gel) from helical fibers to crystal. All of these are in

conformity with the above discussions.

HITH
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L «fil!l -

Fig. 13 Schematic representation of the concentration-dependent self-assembly

mechanism.

So we propose a mechanism of the self-assembly behavior in multidimensional
structures (Fig. 13). The FG molecules form a dual-hydrophilic dimer by n-n stacking
and the vesicles (0D) are composed of the cumulate dimmers induced by water at low
concentration.” The intermolecular interactions, especially hydrogen bonding,
increase with the increase of the FG concentration (about 0.2 wt%). The combination
of m-m stacking and hydrogen bonding enhance the ability of molecular arrangement.*
Due to the suitable environment, the helical fibers (1D) become long and thin freely
as a stable state. When reaching a certain concentration such as 1 wt% FG, gel, as a
major form, displays well-ordered morphology and sensitive response in base.
Through controlling the amount of base/acid, various structures (particle 0D,
bamboo-like fiber 1D, flocculent membrane 2D) are generated. What’s more, the
intermolecular resistance and the rapid process of formation restrict the length and
strength of gel at high concentration. So the fibers at 2 wt% FG look like the cluster of

stumpy wire which causes the gel weak and more close to crystal.*’

4 Conclusions:
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In summary, utilizing a small bioactive molecule to construct multidimensional
nanostructures and by a simple good/poor solvent procedure, we achieved the fine
tuning of supramolecular structures in dimension, length, strength and shape, which
may be used for bio-functional device. Nontoxic choices of assembled molecules and
solvent push the study to a higher level. What’s more, the mechanical properties of the
gel fibers are even comparable to the covalent or polymer fibers. The results about
various morphologies of self-assembly demonstrate the intermolecular interactions
including hydrogen bonding, n-n stacking, hydrophile-lipophile balance and steric
effects play an important role in supramolecular formation. Low-molecular-weight
self-assembly with well-defined morphologies paves the way to supramolecular

bioactive molecules for potential application in life area.
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