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Nanostructural transition of a small peptide bolaamphiphile via molecular self-assembly is a challenging
task. Here, we report the self-programmed morphological transformation from nanovesicles to
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nanofibers of a smart peptide bolaamphiphile in its self-assembling hydrogel state. The nanostructural

transition occurs based on the structural continuity of the B-sheet structures. Spectroscopic studies
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1. Introduction

Precise control in the nanostructural transition of small
peptide-based bolaamphiphile molecules via molecular self-
assembly is a challenging task. Peptide-based nano-
structures'™ are envisaged through a bottom-up self-assembly
approach,”™ and they possess a wide range of applications in
drug delivery,'*™ tissue engineering®** and supramolecular
electronics.”**® However, peptide self-assembly processes are
highly sensitive towards changes in stimuli such as pH,**
temperature,*»* light,** metal ions***® and enzymes.*”*** The
delicate hydrophobic/hydrophilic balance and non-covalent
interactions of a molecule are the driving forces for the self-
assembly process in a particular solvent, which results in the
formation of peptide nanostructures. Stimuli-responsive
peptide self-assembly proceeds through an alteration of
molecular conformations, which leads to the adoption of
different secondary structures. The self-assembly process is
dynamic in nature. The dynamic behaviour acts in between the
more and relatively less ordered conformational arrangements
at the molecular level. Nanostructural transition occurs because
of the need to achieve a more stable and ordered molecular
arrangement from the loosely ordered arrangement in a
particular system. In most of the cases, a change in stimuli
directs the morphological transformation from one
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confirmed the different molecular arrangements of the two different nanostructures. Furthermore, the
smart bolaamphiphile shows a dose-dependent cytotoxicity and cell-proliferation behaviour.

nanostructure to another. Stimuli-responsive peptide nano-
fibers have attracted attention because of their potential appli-
cations in drug delivery and waste water treatment.** The
nanostructural transition of peptide into tapes, ribbons, nano-
fibrils and nanofibers depends on the change in pH.** Parquette
et al. reported peptide-based dendron self-assembly in a
controlled manner and the interconversion of nanotubes and
fibrillar nanostructures.*® Direct morphological transformation
from twisted ribbons to helical ribbons was reported by Stupp
et al** The Ulijn group reported a morphological trans-
formation from a micellar solution to a fibrous hydrogel via the
enzymatic dephosphorylation of a peptide amphiphile.** The
same group again demonstrated direct enzymatic amide
condensation and light induced controlled gelation, which is
associated with the morphological transition from a micellar
structure to entangled nanofibers.** Yang et al tuned the
hydrogelation process by the enzymatic dephosphorylation of a
small molecule and reported the occurrence of a morphological
transformation.*’

Peptide bolaamphiphiles are an interesting class of organic
molecules. In a bolaamphiphile molecule, two terminal hydro-
philic groups are attached with a hydrophobic backbone. Shi-
mizu et al. demonstrated various types of nanostructure-
forming peptide bolaamphiphiles.*®* Nano-doughnut-forming
self-assembled peptide bolaamphiphile was also used as a
nanoreactor to synthesis Au nanocrystals.*” The nanostructural
transformation requires a stimulus, which can break weak non-
covalent interactions and induce another supramolecular
arrangement. The change in pH can tune the evolution of
different nanostructures of bolaamphiphiles.>® Here, we report
the self-programmed morphological transition from nano-
vesicles to nanofibers via a third polymorphic state of
nanocapsules.

This journal is © The Royal Society of Chemistry 2014
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The cytotoxic study of small molecules has emerged as a
promising tool for the development of drugs.>* Understanding
the dose dependent behavior of a small molecule is a crucial
and important aspect in the field of biomedicine.**** Hydrogels
of small peptide-based molecules are interesting because of
their applications in cell-biology.>* The objectives of this paper
are: (a) to incorporate a flexible alkane chain which can give
different structures due to conformational heterogeneity, (b) to
study the nanostructural transition driven by molecular self-
assembly, (c) to understand the mechanism of nanostructural
transition with respect to time and (d) to investigate the cyto-
toxicity and cell proliferation using the self-assembled hydrogel
scaffold.

2. Experimental

2.1 Preparation of hydrogel

15 mg (10 mmol L) of peptide bolaamphiphile (HO-W-F-Suc-
L-W-OH) was dispersed in 2 mL of sodium phosphate buffer
solution (pH 8, 10 mmol L) and sonicated for 10 minutes. The
self-supporting hydrogel was formed after 3 hours.

2.2 General characterization

All NMR characterizations were carried out on a Bruker AV 400
MHz spectrometer at 300 K. Compound concentrations were in
the range of 5-10 mmol L' in (CD;),SO and CDCl;. Mass
spectra were recorded on a Bruker micrOTOF-Q II by positive
mode electrospray ionisation. Specific rotations of the synthe-
sized compounds were measured on an Autopol V automatic
polarimeter (Rudolph Research Analytical). The cell with a
length of 100 mm and a capacity of 2 mL was used for this study
at 20 °C. For the AFM study, the gel samples were diluted in
Milli Q water to a final concentration of 0.5 mmol L™ ", placed on
a mica slip, and then dried by slow evaporation. Images were
obtained with an AIST-NT instrument (model no. smartSPM
1000) using the soft tapping-mode. FT-IR spectra for both the
nanovesicles and nanofibers were recorded using a Bruker
(Tensor 27) FT-IR spectrophotometer. The gel sample was
prepared in D,O and placed between the crystal Zn-Se windows
and scanned between 900 to 4000 cm ' over 64 scans at a
resolution of 4 cm ™" and at an interval of 1 cm ™. The secondary
structure of peptide bolaamphiphile was analyzed with a Jasco
J-815 circular dichroism spectrometer. The peptide hydrogel
(10 mmol L") was diluted to a final concentration of 500 uM in
ddH,O0 for both the vesicles and nanofibers and measured from
280 nm to 190 nm with a 0.1 data pitch, 20 nm min~" scanning
speed, 1 nm band width and 4 s D.I.T. The fluorescence emis-
sion spectra of hydrogel (10 mmol L") for both the states of
nanovesicles and nanofibers were recorded on a Horiba Scien-
tific Fluoromax-4 spectrophotometer with a 1 cm path length
quartz cell at room temperature. The slit width for the excitation
and emission was set at 2 nm and a 1 nm data pitch. Excitation
of the gel sample was performed at 280 nm and the data range
was 290 to 500 nm. Data were collected for both the nano-
structures of nanovesicles and nanofibers on a Rigaku Smart
Lab X-ray diffractometer at a wavelength of 1.5406 A. X-rays were

This journal is © The Royal Society of Chemistry 2014
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produced using a sealed tube and were detected using a linear
counting detector based on silicon strip technology (Scintillator
Nal photomultiplier detector). Fluorescence microscopy exper-
iments were performed on a home-built epifluorescence
microscopy set-up. An air-cooled argon ion laser (Melles Griot,
model 400-A03) with an excitation wavelength of 500 nm was
used to excite the vesicle sample placed on an inverted micro-
scope (Nikon, model Eclipse Ti-U). The laser beam was
expanded and subsequently focused on the back-focal plane of
an oil immersion objective (100 x 1.49 NA Nikon) to illuminate
a 60 x 60 um” area of the sample. The PL from the sample was
recorded by a B2A filter cube (Nikon) with a 505 nm dichroic
mirror and a 520 nm long-pass filter and finally imaged with a
back-illuminated EMCCD camera (Andor, model iXon X3 897)
at an exposure time of 300 ms. The images were analyzed
with an Image] (Version 1.46r) NIH. Optical microscopy images
were taken with a Zeiss AxioCam ERc5s microscope using
40 x magnification. The peptide bolaamphiphile vesicles and
Congo red loaded vesicles were diluted in double distilled water
and the samples were prepared by depositing a few drops on a
cover slip.

2.3 Cell culture (MTT assay)

Total WBCs were isolated from chicken blood. The
1 x 10° mL™! concentration of cells was taken from 100 pL in
each well. A 20 mmol L' concentration of hydrogel stock
solution was used to prepare the final concentrations of 10-
100% in different wells (each in triplicate) at a pH of 7.4.
Commercially available kit from Hi-Media Pvt. Ltd., Mumbai
was used to conduct the MTT assay. Cells were mixed with the
hydrogel and incubated for 48 hours with the hydrogel or in
media (control). The minimum essential media without phenol
red was used to culture the cells. After culturing the cells, the
MTT reagent was added to each well. After 4 hours, the MTT
solution was carefully removed and the purple crystals were
solubilized in DMSO. The optical density of the reagent was
then measured at a wavelength of 570 nm with a reference
wavelength of 650 nm. The effect on cell viability or number was
calculated in percentages, considering the average absorbance
value from the control samples to be 100%.

2.4 Statistical analysis

Data are expressed as mean + SEM and were analyzed by the
analysis of variance (ANOVA) followed by a post hoc Newman-
Keuls multiple comparison test using a trial version of Prism 5
software for Windows (GraphPad Software, Inc., La Jolla, CA,
USA).

3. Results and discussion

We synthesized a peptide bolaamphiphile HO-W-F-Suc-L-W-OH
(W: tryptophan, L: leucine, F: phenylalanine and Suc: succinic
acid) with a centrally located flexible succinic acid moiety.
15 mg of peptide bolaamphiphile (10 mmol L") was dispersed
in 2 mL of phosphate buffer (pH = 8, 10 mM). A self-supporting
hydrogel was achieved by successive sonication, and was used
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Scheme 1 (a) Molecular structure of peptide bolaamphiphile, (b) the
self-supporting peptide bolaamphiphile hydrogel under daylight
which emits blue light upon irradiation at 365 nm UV light, (c) self-
programmed morphological transformation from nanovesicles to
nanofibers through a third polymorphic capsular nanostructure, and
(d) the scheme representing the formation of B-sheets, which form
vesicles via a rolling up of the sheet, and then nanofibers are formed via
a reorientation of the B-sheets.

to investigate the morphological transformation (Scheme 1).
The critical gelation concentration of the precursor was found
to be 8 mmol L™". The self-programmed nanostructural tran-
sition from nanovesicle to nanofiber of hydrogel 1 (10 mmol
L") with a self-assembly mechanism with respect to time was
investigated by transmission electron microscopy (TEM) and
atomic force microscopy (AFM).

The transmission electron microscopy image (Fig. 1) showed
that the peptide bolaamphiphile self assembled to form nano-
vesicles within 5 hours of hydrogelation. At this early stage, the
evolution of nanovesicles® occurred through a loose molecular
arrangement of the self-assembled molecules (ESI, Fig. S17).
The TEM image revealed the average diameter of the nano-
vesicles to be 48 nm. The average wall thickness of these
nanovesicles is 3.7 nm (Scheme 1). At day 1, the TEM image
showed that the early evolved nanovesicles became larger in size
and the average diameter was found to be 290 nm. The average
wall thickness was estimated from the TEM image, and was
observed to be 15 nm. The vesicle-wall was formed by a multi-
lamellar arrangement of self-assembled molecules, which
adopted a loose B-sheet-like structure. At day 2, a nanocapsule-
like nanostructure was observed with an increased dimension.
The length of the capsule was about 1.35 pm and the diameter
was around 500 nm at the middle of the nanostructure. At this
stage, the association of two or more nanovesicles was also
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Fig. 1 TEM images showing the nanostructural evolution of (a)
nanovesicles at 5 hours, (b) multilayered nanovesicles at 1 day, (c)

nanocapsules at 2 days and (d) nanofibrillar structures at 5 days of
hydrogelation.
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observed. It is evident that the nanocapsule-like nanostructure
evolved from the association of the nanovesicles (Fig. 2).
Nanofibrillar structures®* were observed after 4 days of hydro-
gelation. The TEM image showed that the nanofibrillar network
structures were formed from previously collapsed nano-
structures, and the nucleation point was clearly observed in the
TEM image. The nanofibers were several micrometers in length
and the average diameter of the nanofiber was 12 nm. At this
stage, no nanovesicle was found, which indicates the complete
conversion of nanovesicles to nanofibers (ESI, Fig. 21).

The atomic force microscopy (AFM) images®**” (Fig. 3) were
also showed a similar trend as the TEM images. The peptide
bolaamphiphile molecules self assembled into nanovesicles at
an early stage. The size of the nanovesicles after 5 hours of
hydrogelation was in the range of 45 to 150 nm. After that, the
nanovesicles fused with each other to form cocoon-like nano-
structures. The average diameter of these nanostructures was
300 nm. At 2 days of self-assembly, the cocoon-like nano-
structures transformed into nanocapsule-like structures, which
were 0.6 to 1.3 pm in length. The average diameter of these
nanocapsules was 500 nm and the height was in the range of 5
to 10 nm (ESI, Fig. S3t). At 5 days of sonication, nanofibers were
formed. The diameter of the nanofiber was 20 nm. The self-
assembly process was initiated by sonication but the morpho-
logical transition from nanovesicles to nanofibers occurred by a
self-programmed process of smart bolaamphiphile.

This journal is © The Royal Society of Chemistry 2014
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Fig.2 TEM images showing the formation of nanocapsules from the association of nanovesicles. TEM images showing the (a) association of two
vesicles towards the formation of a nanocapsule, (b)—(d) show the self-assembled peptide bolaamphiphile nanocapsules at 2 days.

The hollow nature of the nanovesicles was proven by the
Congo red dye encapsulation experiment.’® An aqueous solu-
tion (2 mg mL™") of the Congo red dye was prepared and added
to the vesicles. These vesicles entrapped the Congo red dye
within a period of 4 and 5 hours. After 5 hours, the fluorescence
microscopy images (Fig. 4) clearly demonstrated that the
physiological dye, Congo red, was successfully encapsulated
inside the vesicles. In addition to the fluorescence microscopy
images, the optical microscopy images®® also showed the vesicle
structure of the peptide bolaamphiphile hydrogel at 1 day of
self-assembly (ESI, Fig. 41).

From the abovementioned observations, we were interested
in elucidating the differences in molecular arrangement at the
supramolecular level inside these two different nanostructures.
To gain more insight into the molecular conformations of the
two different nanostructures, several spectroscopic analyses
were performed. FTIR studies were carried out at day 1 and 5 of
the hydrogelation to understand the secondary structures
adopted by the self-assembled peptide bolaamphiphiles inside
the two different nanostructures. At day 1, two peaks appeared
at 1646 cm™ " and 1714 cm™ ' for the hydrogel enriched with
nanovesicles. The peak at 1714 cm™ ' suggested that the
carboxylic acid groups are involved in hydrogen bonding inter-
actions, whereas the appearance of a characteristic amide I peak
at 1646 cm™ ' revealed a type of B-sheet arrangement.® At day 5,
several characteristic peaks appeared for the hydrogel consisting
of nanofibrillar morphology. The C=O stretching band at

1702 ecm™ " indicated a hydrogen bonded carboxylic acid func-
tionality in the peptide nanofibers. The amide I band at 1635
em™ ", along with a weak shoulder at 1608 cm ™", revealed that the
peptide bolaamphiphile molecules are self-assembled into a
hydrogen bonded B-sheet arrangement’ in the nanofibers
(Fig. 5a). From the FTIR spectra, it is clear that the molecular
packing is more ordered and more compact in the B-sheet
arrangement for the nanofibers rather than for the nanovesicles.

The difference in the molecular conformations inside the
two different nanostructures at two different stages of self-
assembly was examined by circular dichroism (CD) spectros-
copy (Fig. 5b).*"%* For both the cases, the hydrogels were diluted
to 500 uM concentration in ddH,O to investigate the secondary
structures of the two different nanostructures. The CD spec-
trum of the nanovesicles showed a characteristic negative peak
around 201 nm with a weak shoulder at 211 nm, which resulted
from the n-7* transition of the CO-NH groups of the peptide
bolaamphiphile molecule. This CD signature represented a coil-
type B-sheet arrangement of peptide bolaamphiphiles in the
nanovesicle. Another strong positive band appeared at 226 nm,
which is responsible for the electron-transfer of the non-
bonding electron of the nitrogen atom into the m* orbital
system of the indole ring of the tryptophan moiety.®* The CD
spectrum for the nanofibers showed a characteristic negative
band at 216 nm with a weak negative band at 201 nm for the
n-m* transition of the CO-NH groups. This CD signature
confirmed the hydrogen bonded B-sheet arrangement, which is

Fig.3 AFM images showing the nanostructural evolution of (a) nanovesicles at 1 day, (b) nanocapsules at 2 days and (c) nanofibrillar structures at

5 days of hydrogelation.

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Fluorescence microscopic images showing the encapsulation
of a physiological dye, Congo red, by nanovesicles.

more ordered for nanofibers than nanovesicles. Another posi-
tive band at 229 nm appeared because of the tryptophan moiety,
which was slightly red shifted with an increase in ellipticity
from the corresponding peak for the nanovesicles. This
occurred from the extended m-m stacking interactions of the
tryptophan aromatic rings during the self-assembly process to
form nanofibers.

The fluorescence spectroscopy technique was also exploited
to explore - stacking interactions during the self-assembly
process of peptide bolaamphiphile and to understand the role
of the aromatic moieties of peptide bolaamphiphile during
structural transition from nanovesicles to nanofibers (Fig. 5¢).
The fluorescence spectra showed that the nanovesicles emitted
at 353 nm, whereas the nanofibers showed an emission maxima
at 357 nm upon excitation at 280 nm. The emission peak for
both the cases resulted from the tryptophan moiety of the self-
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assembled bolaamphiphile molecules. The 4 nm red shift of the
emission maxima occurred from the nanostructural transition
of nanovesicles to nanofibers, which suggests that the peptide
bolaamphiphiles are arranged into more ordered and compact
B-sheet structures through the synergic effects of hydrogen
bonding and extended -7 stacking interactions of the trypto-
phan residues inside the nanofibers.®

The powder X-ray diffraction (PXRD) data (Fig. 5d) clearly
revealed the conformational differences between the two
morphological states of nanovesicles and nanofibers. For the
nanovesicles, the characteristic peak at 2¢ = 18.96°, corre-
sponding to a d spacing of 4.67 A, was observed. The peak at
4.67 A is related to the spacing between the two peptide
bolaamphiphiles in a B-sheet arrangement.** For the nano-
fibers, a signal at 26 = 20.15°, corresponding to a d spacing of
4.40 A, was observed, which is related to the spacing between
the two successive peptide backbones in a f-sheet arrangement.
In addition, several reflections were observed in the 26 range of
4-11°, which result from the ordered stacking periodicity of a -
sheet.®® A typical peak at 260 = 10.31°, corresponding to a d
spacing of 8.56 A, revealed the distance between the two
successive B-sheets. The powder X-ray diffraction data clearly
demonstrated that the peptide bolaamphiphiles are self-
assembled into a more ordered B-sheet arrangement inside the
nanofibers rather than the nanovesicles.

To obtain more structural information, the hydrogel at two
different states was characterized by "H and 2D NMR spectros-
copy. Nanovesicle and nanofiber enriched hydrogels were
lyophilized and characterized by NMR in DMSO-d6 (ESI, Fig. S8-
$137). All the "H NMR, 'H-'"H COSY and ROESY spectra showed
similar patterns for both the nanovesicle and nanofiber states.
The ROESY spectra (ESI, Fig. S11 and S13t) for both the states
showed that the tryptophan amide-CONH-protons are interact-
ing with the —-CH,-protons of the succinic moiety. The NMR
results demonstrated the twisting conformation of the self-
assembled peptide bolaamphiphile in the hydrogel phase for
both the nanostructures. Here, we proposed a mechanism for the
self-assembly process, which formulates the nanostructural
transition from nanovesicles to nanofibers. Fig. 1d gives a sche-
matic representation of the morphological transformation. At an
early stage, self-assembly leads to the formation of B-sheets,
which form a curved sheet by a higher ordered self-assembly.
Two-dimensional curved sheets result in the formation of
nanovesicle structures.® After 4 days, nanofibrous morphology is
formed via a reorientation of the stable B-sheet structures.

Cellular toxicity and proliferation studies with peptide-based
materials have attracted increased research interest in the field
of biomedicine and biotechnology.®®®” We investigated the
cytotoxic and biocompatible behaviour with the cell prolifera-
tion of this peptide bolaamphiphile. For this investigation, we
cultured WBC (white blood corpuscle) cells with different
concentrations of hydrogel. Total WBCs were isolated from
chicken blood. A 20 mmol L ™" concentration of hydrogel stock
solution was used to prepare the final concentrations of 10-
100% in different wells (each in triplicate). Cells were incubated
for 48 hours with the hydrogel solution and in media for the
control experiment. The minimum essential media without
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Fig.5 (a) FTIR, (b) CD and (c) fluorescence spectra (concentration: 10 mmol L™, A, = 280 nm) for both the nanostructures of nanovesicles and
nanofibers. The spectroscopic studies confirm a more compact $-sheet arrangement inside the nanofibers rather than nanovesicles through the

synergistic effect of hydrogen bonding and m—m stacking interactions.

(d) PXRD for both the nanovesicles and nanofibers confirm the loose

molecular arrangement inside the nanovesicles and a more compact molecular arrangement inside the nanofibers.

phenol red was used to culture the cells. The effects on cell
viability were calculated in percentages, considering the average
absorbance value from the control samples to be 100%. The
data from Table 1 shows that the cell viability and cell

Table 1 Evaluation of hydrogel preparation on cell viability and
proliferation using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide) cell assay”

Percentage viability %

as compare to control of hydrogel
77.983 + 2.608% 10
91.126 + 2.310°° 20
99.69 + 1.862°° 30
126.293 + 1.184°¢ 40
197.126 + 4.063%¢ 50
95.82 + 2.263¢ 60
93.26 + 1.330"° 70
92.656 + 2.343"° 80
49.843 + 1.2221 90
35.47 + 1.102%% 100

“ Values are the mean + SE of three measurements. Means in columns
without letters in common differ significantly (P < 0.05).

This journal is © The Royal Society of Chemistry 2014

proliferation occurred at 40% and 50% hydrogel concentrations
but the maximum increase in cell viability was found at a 50%
concentration of hydrogel solution. The 30% concentration of
hydrogel solution appeared to be safe but the rest of the
concentrations were found to be either too suboptimal to exert
any substantial effects or toxic (at higher doses). Data from the
MTT assay (ESIt) consistently revealed the dose dependency of
the used hydrogel as the best effect, which was observed at 50%
media supplementation by hydrogel. Lower concentrations
proved to be less effective and higher concentrations were
found to be toxic in nature. The replacement of 50% of the
culture media by hydrogel was most effective for cell prolifera-
tion. Cell viability suggested that the use of hydrogel along with
media may be suitable to prevent toxicity and to increase
viability and cell growth. Similar effects on cellular viability and
membrane fluidity were also observed earlier for drug
compounds and herbal extracts.®®*”°

4. Conclusions

In summary, we describe a sonication-induced phenylalanine
and tryptophan-rich peptide bolaamphiphile self-assembly
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through the synergistic effects of H-bonding and m-m stacking
interactions. The self-assembling peptide bolaamphiphiles
form self-supporting nanostructured fluorescent hydrogel. The
self-programmed nanostructural transition from nanovesicles
to the nanofibers of peptide bolaamphiphiles occurs through
the structural continuity of stable B-sheets. The real time
nanostructural transition was examined by TEM and AFM. The
molecular conformations and arrangements for both the cases
were investigated thoroughly by various spectroscopic tech-
niques. The spectroscopic studies suggest loose p-sheet
arrangements of peptide bolaamphiphiles inside the vesicles.
Moreover, peptide bolaamphiphiles are self-assembled into
more ordered and compact B-sheet arrangements inside the
nanofibers. Furthermore, the peptide bolaamphiphile shows
dose-dependent cytotoxic and cell-proliferation behaviour.
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