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Herein, we report the synthesis of simple TPE/single amino acid conjugates, TPE-Ser and TPE-Asp with
side-chains featuring functional groups that may provide an additional hydrogen bonding network for
hydrogelation in aqueous medium. TPE-Ser, which has the lowest molecular weight, containing hydroxyl
groups undergoes self-assembly into supramolecular hydrogels under physiological pH conditions. TPE-
Asp with a carboxylic group side chain undergoes the self-assembly and hydrogelation processes under
slightly acidic conditions (pH = 6.0). UV-vis, IR, PL and rheological studies clearly indicate the formation,
stability and fluorescence properties of TPE-amino acid hydrogels. TEM micrographs of the hydrogels
indicate that the compounds are self-assembled into a nanosheet morphology with random size and

shape. Further, in vitro analysis of TPE-Ser and TPE-Asp with 3A6 cells shows that the compounds
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for bioimaging applications. Overall, these findings highlight the importance of the structure-
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1. Introduction

Supramolecular hydrogels with small peptide molecules have
attracted much attention due to their significant biocompati-
bility and functionality.'” Such molecules often require a -
conjugated hydrophobic group for the hydrogelation process.
Many m-capped dipeptides or higher peptide amphiphiles are
supramolecular hydrogelators because such molecules can
participate in secondary structure formation predominantly as
B-sheets through an interlocked molecular arrangement. The
self-assembly of these secondary molecular structures together
with the contributions of various weak non-covalent interac-
tions such as hydrogen bonding, van der Waals forces, elec-
trostatic forces and w-m interactions result in 3D
nanostructures that are capable of entrapping a large amount of
water molecules to generate self-supporting hydrogels. Much of
the literature pays particular attention to study the dipeptide or
tripeptide based low molecular weight hydrogelators (LMWGs).®
So far, however, there has been little discussion about single
amino acid based hydrogelators.*>® For example, Xu and co-
workers demonstrated the first explained the hydrogelation of
N-(fluorenyl methoxycarbonyl) (Fmoc) protected single amino
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acids through the molecular co-assembly process. Subse-
quently, the same group developed a novel enzyme triggered
self-assembly/hydrogelation process for simple Fmoc-tyrosine
phosphate compound.? Adams and co-workers studied the
hydrogelation of commercially available Fmoc-amino acids
using glucono-3-lactone.™ Nilsson and his group described the
effects of side-chain halogenation, N-terminal groups and C-
terminal modification on the self-assembly of Fmoc-phenyl
alanine (Phe) derivatives.***” Nandha et al. synthesized pyrene
conjugated Phe hydrogels that capable of encapsulation
vitamin B12 and doxorubicin.”® Srivastava and co-workers
developed alanine derivative based hydrogels that can encap-
sulate drug molecules such as doxorubicin.’®** Our research
group has recently reported a number of naphthalimide and
pyrene based single amino acid systems that form self-
supporting hydrogels.?>** Although few supramolecular hydro-
gel materials prepared from simple amino acids are known in
literature, there is still limited understanding about the struc-
tural and functional properties of such systems. This necessi-
tates the development of more single amino-acid based supra-
molecular hydrogels.

Tetraphenylethylene (TPE) group possesses four aromatic
rings, and is highly hydrophobic compared to the commonly
used Fmoc system.® In addition, TPE derivatives have unique
aggregation induced emission (AIE) property resulting from
restriction of intramolecular ring rotation.”*** To date there is
a substantial body of literature regarding the application of TPE-

This journal is © The Royal Society of Chemistry 2018
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based materials especially in the field of fluorescent chemo-
sensors, bioprobes, optoelectronic materials, and supramolec-
ular hydrogels.>*®” Several TPE-containing supramolecular
hydrogels have also been reported based on TPE/oligopeptide
conjugates.**  For example, TPE-Q19 (KRKR-SGSG-
QQEFQFQFKQQ) formed a supramolecular hydrogel in the
presence of NaCl. More recentlyy, TPE-MAX (NH2-
KRKRGSVKVKVKVKVDPPTVKVKVKVK-Am) was demonstrated
as a smart pH-switchable luminescent hydrogel. Previously, we
conducted a systematic study of TPE-dipeptides and found that
TPE-GG formed a supramolecular hydrogelator at pH 10.5.%® For
biological applications, there are still quite a lot of opportunities
to improve for the amino-acid-based TPE compounds such as the
hydrogelation ability under physiological pH. To achieve this, we
can take advantage of the side chain of the functional amino
acids with hydrogen-bond donor or acceptor.

In this work, we report on supramolecular hydrogelation
and associated biological functions of simple TPE/amino acid
conjugates. Serine (Ser) and aspartic acid (Asp) have been
employed as amino side-chain because we hypothesized that
such groups may exhibit additional hydrogen bonding
network for hydrogelation in aqueous medium. Amino acids
were combined with TPE group at the N-terminus through an
amide linkage for the synthesis of amino acid derivatives. TPE-
amino acid hydrogelators self-assembled in aqueous medium
to generate pH sensitive hydrogels and detailed investigation
suggests that the functional groups of amino acid side chain
play a crucial role in self-assembly. Further, we investigated
the in vitro analysis of TPE-Ser and TPE-Asp with immortalized
human mesenchymal stem cells (3A6) and the results show
that the compounds can exhibit blue fluorescent signals in
microcellular environments thus making them as potential
soft materials for bio-imaging applications.

2. Experimental
2.1 Synthesis

All starting materials and solvents were obtained from
commercial sources and used as received. TPE-amino acid
hydrogelators used in this study were prepared by solid phase
peptide synthesis (SPPS) using classical Fmoc protocol. The
purity of the final compounds was confirmed using 'H-NMR,
BC-NMR and MS studies. NMR spectra of the final TPE
compounds were obtained on 300 MHz Varian Unity Inova
NMR instrument in the deuterated solvents. High resolution
mass spectra were obtained with Micromass Q-TOF MS
spectrometer.

2.2 Gelation studies

Hydrogels were prepared by weighing 4 mg of sample (TPE-Ser
or TPE-Asp) in a screw-capped 2 mL vial (diameter 10 mm).
Aqueous NaOH solution was added and the resulting solution
was vortexed for 5 s and sonicated for few minutes to dissolve
the sample. Then the pH of the solution was carefully opti-
mized using HCI to induce the self-assembly as well as
hydrogelation (total volume: 200 pL). Hydrogelation was
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considered to have occurred when a solid-like material ob-
tained did not exhibit any kind of gravitational flow (vial
inversion test) during a period of 2-5 min in each case.

2.3 Transmission electron microscopy

The morphology of the TPE hydrogels was assessed using
Hitachi HT7700 transmission electron microscope (TEM)
operating at an accelerating voltage of 100 kV. The sample was
prepared on carbon-coated copper grids by dropping a small
amount of hydrogels (10 pL) directly onto 200 mesh. Excess
amount of the hydrogel was blotted using filter paper by capil-
lary action, followed by negative staining the sample with uranyl
acetate. The sample was then allowed to air-dry for 2 days before
the images were captured.

2.4 Rheological tests

The visco-elasticity measurements of the hydrogels were carried
out using TA discovery rheometer (DHR-1) using 40 mm parallel
plate geometry. The pH adjusted TPE sample (400 pL, 2 wt%)
was sandwiched between stainless parallel plate geometry and
a stationary bottom plate and the sample was allowed to stand
for 2 hours before taking any rheological measurements. The
storage modulus (G') and loss modulus (G”) were measured at
25 °C as a function of frequency between the range of 0.1 rad s "
to 100 rad s~ at a constant strain of about 0.8%.

2.5 Spectroscopic studies

To understand various molecular interaction during hydro-
gelation the following spectroscopic studies were performed.
UV-vis spectra were recorded with Jasco V-670 UV-visible spec-
trophotometer. CD experiments were carried out on a JASCO J-
810 spectrometer. Fluorescence spectral studies were per-
formed with Hitachi F-7000 fluorescence spectrophotometer.
Fourier transform infrared spectroscopy (FTIR) measurements
were carried out using a Perkin-Elmer spectrum 100 FT-IR
spectrometer. For FTIR measurements, the TPE solution was
cast on a ZnSe window. The sample was dried as thin film at
room temperature under a constant stream of nitrogen. Each

spectrum is an average of 20 scans at the resolution of 4 cm™".

2.6 Cell viability tests

Biocompatibility assay of TPE-amino acid hydrogelators conju-
gates was evaluated through MTT cell viability test. Human
mesenchymal stem cells (3A6, a gift from Dr Shih-Chieh Hung,
China Medical University, Taiwan) and WS1 cells (CRL-1502,
ATCC) were chosen as cell models for this study. The cells
were pre-incubated into 24-well plates at a density of 5 x 10*
cells per well with 0.5 mL medium (DMEM for 3A6 cells and
MEM-EBSS for WS1 cells) containing 10% FBS and 1%
penicillin-streptomycin solution and incubated for 24 h. Then
the culture medium was replaced with fresh medium. The stock
solution of hydrogelators was prepared in DMSO at 10 mM
concentration. Samples of different concentrations (10, 50, 100,
200, 500 uM) prepared by diluting the stock solution with cell
culture media, were then added and the cells were placed into
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solution and incubated for 24 and 48 h, respectively. Then, the
fresh medium supplemented with 0.5 mL of MTT reagent (4 mg
mL ") was added per well and the cells were further incubated
for another 4 h. The medium containing MTT was then
removed and DMSO (0.5 mL per well) was added to dissolve the
formazan crystals. The content of each 24-well was transferred
to 96 well plate. The optical density of the resulting solution was
measured at 595 nm, using an absorbance micro plate reader
(Infinite F50, TECAN). Cells without TPE compounds were used
as the control. The cell viability percentage was calculated by
using the following formula: the cell viability percentage (%) =
ODsample/ODcontrol-

2.7 Cell-imaging studies

The cells were seeded on a 35 mm Petri dish at a density of 5 x
10* cells per well and cultured for 24 h. TPE samples of various
concentrations (10-50 puM) were treated with 3A6 cells and
incubated for 24 hours. After staining for suitable time, the cells
were washed with phosphate-buffered saline for three times (pH
= 7.4) and images were acquired using laser-confocal micro-
scope (Leica TCS-SP5-X AOBS).

3. Results and discussion
3.1 Synthesis and characterization of hydrogels

We began our study with the synthesis of 4-(1,2,2-triphenylvinyl)
benzoic acid (TPE-acid) and the hydrogelators TPE-Ser and TPE-
Asp. TPE-acid was synthesized following a general literature
protocol.* The hydrogelators TPE-Ser and TPE-Asp were
synthesized through the classical solid phase peptide synthesis
(SPPS), which is an efficient way to produce peptide materials
using 2-chlorotrityl chloride resin and Fmoc-protected amino
acids. The resin was pre-swollen with dichloromethane and
then a mixture of Fmoc-L-serine/Fmoc-L-aspartic acid and DIEA
in dry DMF was added into the resin under anhydrous condi-
tion. Then the Fmoc-amino acid bounded resin was treated with
piperidine to remove the Fmoc group. Finally, the coupling of N-
capping agent TPE-acid was performed with amino acid-resin to
obtain the desired products of TPE-Ser and TPE-Asp (See ESI{
for details). The structure and purity of TPE-Ser and TPE-Asp
were confirmed by standard spectroscopic methods, including
proton nuclear magnetic resonance ("H-NMR), carbon nuclear
magnetic resonance (“C-NMR) and electrospray ionization
mass spectrometry (ESI-MS) analyses.

TPE-Ser

TPE-Asp

Scheme 1 The chemical structures of the TPE-Ser and TPE-Asp
hydrogelators.
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Scheme 1 shows the structures of the TPE capped amino
acids investigated in this work. TPE was chosen as N-capping
agent because it possesses significant hydrophobicity due to
the presence of four phenyl rings. In addition, the TPE/peptide
conjugates are AIE-active which is demonstrated in our previous
reports.*® Two non-aromatic functional amino acids such as
serine and aspartic acid, were chosen for this study to generate
extended hydrogen-bonded networks during self-assembly. TPE
was covalently attached to the amino acids via a simple amide
bond. After obtaining pure TPE-amino acid compounds,
samples were tested for hydrogelation at various pH conditions
(Table S1 and Fig. S1t). As shown in Fig. 1a and b, self-assembly
of TPE-Ser molecules resulted in stable hydrogel at 2 wt% under
a pH of 7.1. On the other hand, TPE-Asp required a slight acidic
condition for hydrogelation (pH = 6.0, Fig. 1c and d). Both TPE-
Ser and TPE-Asp compounds exhibited intensive fluorescence
emission characteristics in their gel states (Fig. 1b and d).

To examine the macroscopic gel stability of the TPE hydro-
gels the inverted tube test and rheological measurements were
carried out. Dynamic frequency sweeps were measured for TPE-
Ser and TPE-Asp hydrogels and the results are shown in Fig. 1e
and f. The storage modulus G' (elastic response) and loss
modulus G (viscous behaviour) are independent over the entire
frequency range of 0.1-100 Hz (strain sweep results, see
Fig. S27). The average G’ of TPE-Ser at 2 wt% was around 0.62
kPa. As stated before, TPE-Asp formed a stable gel only at acidic
pH, and hence the hydrogels of both TPE compounds were
prepared at pH = 6.0 and rheological properties were compared
(Fig. 1f and Table S17). Notably, TPE-Ser (pH = 6.0) gave the
maximum G’ value of around 1.1 kPa. The transition tempera-
ture (Tgel-so1) Of the hydrogels was measured and the results
show that TPE-Asp is relatively stable gel, which is consistent
with the rheological data (Table S1 and Fig. S37).

Transmission electron microscopy (TEM) analysis of the
hydrogel samples was carried out to understand the micro-
structures and morphologies of hydrogels and the images
(Fig. 2) suggested that the hydrogels of both TPE-Ser and TPE-

G'G"(Pa)

o o T T e T

1 10
Angular frequency(rad/s) Angular frequency(rad/s)

Fig. 1 Optical images of self-supporting hydrogels prepared from
TPE-Ser (2% w/v, pH = 7.1, at (a) normal light, (b) UV light) and TPE-Asp
(2% w/v, pH = 6.0, at (c) normal light, (d) UV light); frequency sweep
rheological data for (e) hydrogel TPE-Ser, pH = 7.1 and (f) hydrogels
TPE-Ser (blue) and TPE-Asp (green), pH = 6.0 (closed and open circles
for G’ and G").
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Fig. 2 TEM images of the hydrogels prepared from hydrogel (a) TPE-
Ser, pH = 7.0, (b) TPE-Ser, pH = 6.0 and (c) TPE-Asp, pH = 6.0. The
scale bar is 100 nm.

Asp samples consisted of nano-sheet like morphology with
random size and shapes. Although supramolecular structures
of the TPE molecules in the gel state can be visualized through
TEM analysis, various other spectroscopic characterizations are
indispensable requisite for understanding the molecular
packing and photophysical properties. A number of spectro-
scopic techniques were used in this study, including UV-vis
absorption, circular dichroism (CD) spectroscopy, Fourier
transform infrared (FT-IR) spectroscopy and fluorescence
emission (PL).

TPE-Ser and TPE-Asp revealed a strong absorption band at
approximately 330 nm which is due 7—m* electronic transition
of aggregated TPE moiety (Fig. S41).*”*>** CD spectra of TPE-Ser
and TPE-Asp showed a bisignated Cotton effect signals within
this region, indicating strong m-stacks of TPE chromophores in
water (Fig. 3a and b). In addition, there is a strong CD signal was
observed at 220 nm which might be attributed to the n-m*
transition of symmetrically ordered r-amino acid residue.** To
further explore the extend hydrogen bonding interactions in the
assemblies, FT-IR spectra of TPE-Ser and TPE-Asp were studied
in water and DMSO at gelation concentration (Fig. 3c and d).
The FT-IR spectra of TPE-Ser and TPE-Asp at 2 wt% in aqueous
solution show the amide I bands centered around 1650 cm ™' in
DMSO. When transitioning from DMSO to water, there is
a significant shift in the bands to the lower energy region,
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Fig.3 CD (black line) and UV-spectra (blue line) of (a) TPE-Ser (10 uM,
pH = 7.0) and (b) TPE-Asp (10 puM, pH = 6.0); FTIR spectra of (c) TPE-
Ser and (d) TPE-Asp in water (red line) and in DMSO (black line).
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suggesting the formation of extended hydrogen bonding
network in the assemblies, which is consistent with CD obser-
vations. From these results, we conclude that the formation of
self-assembled nano-sheets might be due extended hydrogen
bonding interactions and strong stacking of TPE groups.

We further explored the fluorescence emission spectra of
TPE-Ser and TPE-Ser in DMSO/water mixtures. For this study
the TPE-Ser samples were prepared at 100 pM in DMSO/water
binary solvent mixtures with different water fractions (vol%)
and Fig. 4a, shows their corresponding fluorescence intensity
profile. TPE-Ser displayed a very weak emission in pure DMSO
attributed to the monomeric form of TPE molecules. However,
enhanced emission signals were observed when the water
content (f,) is > 90%. As the water fraction is increased to 99%
and its PL intensities at 460 nm are 75-fold higher than that in
pure DMSO solution (Fig. 4c). A similar effect was observed with
TPE-Asp molecule with the PL intensity at 99% water content
was = 60-fold higher than that in pure DMSO solution (Fig. 4b
and d). TPE molecules in the monomeric form are non-emissive
due to the intramolecular rotation of phenyl rings. However,
upon aggregation such rotations of phenyl groups are restricted
and hence the molecules exhibited enhanced fluorescence
intensity. Concentration-dependent fluorescent responses have
also been investigated to check the possible AIE behaviour of
TPE molecules. The emission intensity signals of TPE-Ser and
TPE-Asp compounds were increased with increase in the TPE
concentrations. However, the signals were quenched at higher
concentrations (Fig. S5t). Such emission pattern are very
similar to that of the previously reported TPE gels.?” Overall, the
experimental data discussed above clearly validate the fluores-
cence property of the TPE-amino acid hydrogelators.

Since both the TPE based molecules possess significant
photophysical behaviour, we then employed them for cell
imaging application. For the cell imaging application it is first
necessary to evaluate the potential biocompatibility of the
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Fig. 4 PL spectra of (a) TPE-Ser (100 uM, pH = 7.0) and (b) TPE-Asp
(100 puM, pH = 6.0) measured in DMSO/water mixture at various water
fractions from 0 to 99%; (c) and (d) are the plots of florescent intensity
(I/1o) versus the water fractions of TPE-Ser (at 320 nm) and TPE-Asp (at
315 nm), respectively.
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material used. Biocompatibility studies of TPE-Ser and TPE-Asp
were performed systematically by incubating them with 3A6 cell
lines for 48 h by means of colorimetric MTT assay.*>** Fig. 5a
and b shows the percentage viability of 3A6 cells treated with
various concentrations of TPE-samples ranging from 10-50 pM.
Both TPE-Ser and TPE-Asp samples showed reasonable level of
viability at 50 pM. Similar conditions were used to study the
biocompatibility with WS1 cells and the results are summarized
in Fig. S6.1 The half maximal inhibitory concentration (ICs)
values being higher than 50 uM for both the compounds indi-
cated that the TPE compounds are biocompatible when
concentration lowers than 50 puM for 3A6 and WS1 cells
(Fig. S67). After studying the biocompatibility, we then evalu-
ated the potential biomedical application of TPE-Ser and TPE-
Asp for cell imaging application. 3A6 cells were treated with TPE
compounds (10-50 pM) and observed under fluorescence
microscope. After 24 hours of incubation the fluorescence
microscopy images were taken (Fig. 5c-f, S71). As shown in
Fig. 5c-f, the hydrogelators TPE-Ser and TPE-Asp were aggre-
gated in cytoplasm of the 3A6 cells thereby emitting strong blue
fluorescence. Note that the average cell size for TPE-Asp
imaging is somewhat smaller than that of TPE-Ser which may be
attribute to the TPE-Ser has efficient self-assembly under pH
7.0. All of these data clearly showed that these hydrogelators
may act as an efficient candidate for cell imaging applications.

o
&
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© 2
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Cell viability %
5 2

TPE-Ser-10pM | (d)

TPE-Asp-10pM]| (f)

Fig. 5 Cell viability data of 3A6 cells incubated with 10-50 pM of (a)
TPE-Ser and (b) TPE-Asp; fluorescence microscopy images of 3A6
cells treated with different concentrations of TPE-Ser (c and d) and
TPE-Asp (e and f), respectively. The scale bar is 20 pm.
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4. Conclusions

In summary, we have discovered low-molecular-weight hydro-
gelator made of simple amino acids (Ser and Asp) and TPE
capping group. TPE-Ser has the lowest molecular weight and
minimum number of atoms containing hydroxyl groups
exhibited significant non-covalent interactions necessary for
self-assembly/hydrogelations at physiological pH condition. In
contrast, TPE-Asp needs mild acidic condition (pH = 6.0) for
hydrogelation. Unlike TPE-dipeptides which form interlocked
secondary structures, TPE-capped amino acids underwent self-
assembly in aqueous medium via strong m-aggregates of TPE
chromophores and extended hydrogen-bonding in aqueous
condition into nanosheet structures as evidenced from various
experimental techniques. From in vitro analysis of TPE-Ser and
TPE-Asp, these compounds exhibit efficient fluorescent emis-
sion in microcellular environments thus making it suitable
candidates for cell imaging applications.
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