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ABSTRACT

The ordered supramolecular assemblies of short peptides have been recently gaining momentum
due to their wide spread applications in biology and materials sciences. In contrast to the a-
peptides, limited success has been achieved from the backbone modified peptides. The proteolytic
stability and conformational flexibility of the backbone modified peptides composed of -,y- and
d-amino acids can be explored to design ordered supramolecular gels and self-assembled materials.
In this article, we are reporting the divergent supramolecular gels from a new class of short hybrid
dipeptides composed of conformationally flexible new B(O)-8°-amino acids. The hybrid dipeptide
composed of B*- and B(0O)-5°-Phe showed the formation of transparent gels from the aromatic

solvents, while the dipeptide composed of B(0)-5°-Phe showed the thixotropic gel in phosphate
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buffered saline (PBS). In contrast, no organic or hydrogels were observed from the dipeptides
composed of alternating a- and B(0)-5°-Phe as well as y* and B(O)-5>-Phe. The organogelation
property displayed by the B,B(0)-6°-Phe dipeptide was further explored to recover the oil spills
from the oil-water mixture. The thixotropic hydrogels displayed by the B(0)-6°B(0)-5°-Phe
dipeptide was further utilized as matrix along with cell culture medium to grow the cells in 2D-
cell culture. Replacing the backbone -CH»- with “O” in the 6-Phe leads to the drastic change in
the supramolecular behavior of 6-peptides. Overall, the short dipeptides from different backbone
modified amino acids showed the divergent gelation properties and these properties can be further

explored to design new functional biomaterials.

KEYWORDS: 6-Peptides, organo and hydrogels, stimuli responsive, thixotropic, oil-spill

recovery, 2D-cell culture, proteolytic stability.

INTRODUCTION

The central theme in the fields of nanoscience and nanotechnology is the formation of highly
ordered self-assembled materials in nanoscale.! The fascinating properties displayed by the
nanostructures have attracted considerable attention in recent years due to their widespread
applications in various fields including energytechnologies, catalysis, biomedicaland chemical
biology.>? In addition to the numerous types of nano-assemblies derived from the small organic
molecules, the biomacromolecules such as lipids, proteins, carbohydrates and nucleic acids, often
self-assembled into highly ordered supramolecular architectures.>® The hierarchical
supramolecular structures of biomacromolecules are stabilized by various types of non-covalent

interactions such as H-bonding, salt bridge interactions, van der Waals interactions and aromatic
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pi-stacking.'”

Along with the biomacromolecules, shortpeptides have displayed a rich
supramolecular diversity and have been serving as excellent tools to design various types of self-
assembled biomaterials.!!"!* In fact, the finding of self-assembled peptide nanotube from a Phe-
Phe dipeptide by the Gazit and colleagues has opened new avenues in the generation of soft
materials from the short peptides.!* The dipeptide nanotubes have been explored as templates to
cast silver nanowires, as drug delivery agents, light harvesting systems, energy storage materials
and antimicrobial candidates etc.!>"!® In addition, the self-assembling properties of peptides have
been finding applications in the fields of tissue engineering as well as nanoelectronics.!® 2°Along
with the a-peptides, efforts have also been made in the literature to understand the molecular self-
assemblies of - and y-peptides.?!*> A variety of supramolecular architectures such as tapes, fibers,
ribbons, polyhedrons, nanotubes and vesicles have also been derived from the supramolecular
assemblies of B- and y-peptides.’> >’ Recently, Malhotra et al. demonstrated the antimicrobial
properties of self-assembled a,y-hybrid peptides.?® The advantage of B- and y—peptides over the a-
peptides is that they are proteolytically stable and required short sequences to attain folded
structures.?’

In addition to the biomaterials, the low molecular weight gelators (LMWG) have also attracted

considerable attention due to their applications in oil spill recovery,?®* toxicity remediation

30,31 5

devices,?*! electro-optical displays,®? drug delivery systems,*** tissue engineering,®® wound
healing®® etc. The groups of Gazit,"” Uljin,*® Xu,*’ Adams*’ and others**> have examined the
potential of aromatic-aromatic interactions in the design of different organo and hydrogels from
the short peptide sequences. Further, Banerjee and colleagues showed the influence of fatty acids

on the supramolecular hydrogelation of Phe-Phe dipeptides.?®*> We have been interested in

understanding the conformational and self-assembling properties of peptides composed of various
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types of non-natural B- and y-amino acids.**** In comparison to - and y-amino acids, structural
and self-assembling properties of peptides composed of higher homologous amino acids such as
d-amino acids are scarcely examined in the literature. Nevertheless, Hoffman and colleagues
investigated the possible conformational space available to the peptides composed of 8-amino
acids using theoretical calculations.*® Apart from the theoretical calculations, the groups of Huc,*8

Sharma*’ and Chakraborty*® have examined the structural properties of peptides and foldamers

P G,

P1 P2

Schemel: Sequences of the dipeptides under investigations.

containing various types of 3-amino acids. Recently, we have shown the superior and spontaneous
supramolecular gelation properties from y*Phe-y*Phe dipeptide over the f*Phe-B>Phe and Phe-Phe
dipeptides.*As y*Phe-y*Phe showed excellent gelation over the - and a-dipeptide counterparts,

we have hypothesized that §°Phe-5°Phe dipeptide motifs can be served as better hydrogelators than
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the y-dipeptide counterpart. More importantly, as the length of the §°-amino acids is equal to the
length of an a-dipeptide, they can be used as surrogates of a-dipeptides to overcome the proteolytic
cleavage. In this context, we have synthesized peptide P1 and examined its hydrogelation
properties in phosphate saline buffer. In sharp contrast to y*Phe-y*Phe, the new peptide 5°Phe-
5°Phe failed to give hydrogels in PBS and aqueous buffers. In order to increase the solubility and
conformational flexibility of the peptides composed of &°-Phe we considered to introduce
heteroatom oxygen (O) into the backbone of §°-Phe. We sought to systematically investigate the
gelation properties of the hybrid peptides composed of Xxx-B(0)-5-Phe, where Xxx is a, B°, y* or
B(O)-8°-Phe (Scheme 1). Here, we report the formation of the stimuli responsive, injectable,
biocompatible hydrogels from the Boc-B(O)-5°-Phe-B(0)-5°-Phe dipeptide, its utility in 2D-cell
culture and organogels from Boc-B*Phe-B(0)-5-Phe dipeptide and its potential application in oil
spill recovery. Under identical conditions, both Boc-aPhe-p(0)-6°-Phe and Boc-y*Phe-p(0)-5°-

Phe did not give either organic or hydrogels.

EXPERIMENTAL SECTION

Materials

All chemical and reagents including amino acids were purchased from commercial sources.
Solvents ethyl acetate and petroleum ether (60—80 °C) were distilled before to use. Solvent
tetrahydrofuran (THF) was dried by reflexing on sodium metal wire and distilled before to use.
Silica gel 120—200 mesh was used to purify the protected amino acids and peptides in column
chromatography. The 'H NMR spectra of protected amino acids and peptides were recorded on

400 MHz (or *C on 100 MHz) in the solvent deuterated chloroform (CDCls). The acid labile Boc
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and alkyl esters (ethyl or methyl esters) were used for the N- and C-terminus protections,
respectively. The Boc-(S)-B*>-Phe was synthesized starting from Boc-Phe by the reported
protocol.’® The Boc-(R)-y*-Phe was synthesized starting from Boc-(S)-Phe aldehyde through
Witting reaction followed by the reduction of double bonds using Hz, Pd/C (10%). Finally, ethyl
ester of Boc-y*-Phe was subjected to saponification as reported earlier.** The B(0)-8°-Phe was
synthesized starting from Boc-protected amino alcohol using reported protocol.’! The carbon
analogous of B(0)-8°-Phe was synthesized from Boc-(S)-B>-Phe. All peptide couplings reactions
were achieved using the coupling reagent N-ethyl-N'-(3-(dimethylaminopropyl)carbodiimide
hydrochloride (EDC.HCI) and 1-hydroxybenzotriazole (HOBt) and N,N-diisopropylethylamine
(DIEA). Finally, the pure peptides were characterized by 'H and '*C NMR spectroscopy and

authenticated by high resolution mass spectroscopy (HRMS).

General Procedure for the Solution Phase Peptides (P1-P5) Synthesis:

All peptide (P1-P5) were synthesized through solution phase peptide chemistry as reported
earlier.*’ In brief, 1 mmol of N-Boc-protected-amino acid was dissolved in 5 mL of DMF and the
solution was to cooled to 0 °C. Subsequently, Immol of IEDC-HCI and 1 mmol of HOBt and 2
mmol of DIEA were added reaction at 0 °C. Immediately, 1.1 mmol of methyl ester of amino
acid to the reaction mixture and reaction was allowed to come to the room temperature. The
reaction mixture was stirred for about 12 h. The reaction progress was monitored using TLC. After
completion, 50 mL of ethyl acetate was added to the reaction mixture followed by 50 mL of
saturated sodium chloride solution. The ethyl acetate layer was separated and the aqueous layer

was extracted again with ethyl acetate (50 mL x 3). The combined ethyl acetate layer was washed
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with 10% Na;COs3 (20 mL x 3), 5% HCI (20 mL x 3 ), water (20 mL x 3), finally with saturated
sodium chloride solution (30 mL x 2). The solution was dried over anhydrous sodium sulfate and
evaporated under vacuum to obtain crude peptides. These crude peptides were purified using
column chromatography with EtOAc/hexane solvent system. Finally, peptides were subjected to
saponification in methanol solution using 1N NaOH. The peptide acid obtained after saponification

were directly used gelation studies.

—0
1 \
* NHHCI
/
HOBt, DIEA
o 12hrt o H,, Pd-C o
2. LAH / dry THF MeOH
BocHN OH o BocHN X N0 BocHN o\
1h,0°C rt, 4 h
3. PhsPCHCO,Et
THF, 4 h, rt

Scheme 2: Synthesis of N-Boc-8°-Phe-OEt form N-Boc-B*Phe-OH

tert-Butyl bromoacetate o o
o Toluene:Water (1.5:1) ﬂ\ J<
SIS o L S A o I
H NaOH, 3 h H
nBu,HSO,

0°C—— 1t
Scheme3: Synthesis of N-Boc-B(0)-°-Phe-O'Bu form N-Boc amino alcohol.

Synthesis of N-Boc-3°-Phe-OH

N-Boc-8°-Phe-OH was synthesized starting from N-Boc-(S)-B3-Phe-OH. Briefly, N-Boc-(S)-p°-
Phe-Weinreb amide (1.6 g, 5 mmol) was converted to aldehyde through the reduction of Weinreb
amide using LAH (228 mg, 6 mmol) and subjected Wittig reaction to get N-Boc-a,[3-unsaturated-

8°-Phe-OEt. The Wittig product was purified using column chromatography by EtOAc/hexane
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solvent system. After that, the N-Boc-o,B-unsaturated-&°-Phe-OEt was reduced using Hz/Pd-C to
get N-Boc-8°-Phe-OFEt. Further, the N-Boc-5°-Phe-OEt was subjected saponification using 1N
NaOH in EtOH to obtain N-Boc-3°Phe-OH and directly used for the peptides synthesis without

purification.

Synthesis of N-Boc-B(0)-5°-Phe-O'Bu:

The N-Boc-B(0)-8-Phe was synthesized as reported earlier.’! Briefly, tetra- butylammonium
hydrogensulfate (340 mg, 1 mmol) was dissolved in solution of sodium hydroxide (10 g, 250 mmol
in 10 mL of water and 15 mL of toluene). To this biphasic reaction mixture, tert-butyl
bromoacetate (2.2 mL, 15 mmol) was added slowly at room temperature. The reaction mixture
was cooled to 0 °C, followed by slow addition of N-Boc-phenyl alanine alcohol (2.5 g, 10 mmol)
in toluene (15 mL). The reaction was allowed to come to room temperature and the stirring was
continued for about 3 h. The organic phase was separated from the aqueous phase. The aqueous
solution was again extracted with diethyl ether (30 mL x2). The combined organic layer was
washed with saturated sodium chloride solution (30 mL x 2), dried over anhydrous sodium sulfate
and evaporated under reduced pressure. The crude product of N-Boc-B(0)-8°-Phe-O'Bu was

purified by column chromatography using EtOAc/hexane solvent system.

Gelation Study of Peptides P1, P2 and P4

Peptides P1 and P4 (10 mg each) were placed in the separate sample vials. To each vial of peptides,
1 mL of toluene was added. The peptide solution in toluene was heated on a hot air gun to dissolve
the peptides. The clear solution of peptides in toluene was cooled to room temperature and

sonicated for about 10 min. The organo gelation property of peptide P1 and P4 was confirmed by
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the inverted sample vial experiment. For the hydrogelation, 10 mg of peptide P2 was dissolved in
1 mL of 1x PBS buffer at pH 7.4 and gently heated on a hot air gun to make it a clear solution and
cooled to room temperature. Upon standing for about 12 h, the solution slowly transforms to gel

state and the gelation property was further confirmed by the inverted sample vial experiment.

Morphology Study of Peptide P1, P2 and P4

FE-SEM experiment was carried out by drop casting 5uL of gel on SiO2/Si substrate. The samples
were dried at room temperature under vacuum and the samples on SiO2/Si substrate were again
coated with gold. The images were taken using scanning electron microscope using tungsten

filament as electron source operated at 10 kV.

Rheology Experiment

The rheology experiments were carried out on preformed gel samples of organogel (in toluene)
and hydrogel (in 1x PBS) at a concentration of 10 mg/mL using rheometer. All experiments were

carried out single time.

Oil Spill Recovery Experiment

Peptide P4 shows phase selective gelation in hydrocarbon solvent. In a typical experiment the
solution of peptide P4 (30 mg in 3 mL) in toluene was added to the oil-water mixture composed
of 10 mL of oil and 30 mL of saturated NaCl solution. To mimic the sea water saturated NaCl
solution was used. Instructively, upon treatment of the peptide solution the oil transformed into
gels in less than 5 min. The peptide-oil gel was scooped out from the oil/water mixture and

subjected to vacuum distillation and the oil was recovered from the oil water mixture.

Proteolytic Stability of Peptide P2
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Proteolytic stability of peptide P2 was carried out using reported protocol.®” The peptide P2 (1
mM) was dissolved in 1 mL of HEPES buffer (pH 7.4) containing 5% DMSO. Then, 10uL of 5uM
chymotrypsin enzyme was added to the peptide solution and incubated at 37 °C for about 24 h.
After that, 50 uL from the above mentioned stock solution was injected in RP-HPLC. The HPLC
was carried out using ACN/H.O at flow rate of 1 mL/min. Same procedure was followed to

understand the proteolytic stability of peptide Boc-Phe-Phe-OH.
Effect of Hydrogel from Peptide P2 on Cell Viability

Cells were cultured in complete growth media (DMEM/F12) with 10% (v/v) (fetal bovine serum)
FBS and 100 U/mL penicillin in humidified 5% (v/v) CO- at 37 °C. Gel was prepared by diluting
peptideP2 dissolved in PBS to 10-fold using DMEM cell culture medium. This was coated on the
96-well cell culture plate and incubated further for about 3 h. Cells suspension in complete growth
medium was pipetted into each well (pre-coated with gel) at a count of 10,000 cells/well. The plate
was further incubated for 18 h at 37 °C under 5% of CO». After 18 h of incubation complete growth
media was removed and cells were washed with PBS. Cell viability assay was carried out after 18
h using calcein staining. Calcein AM stain at 2 uM final concentration was added to each cells and
incubated for 45 min and then images were taken at 10x with fluorescence microscope.
Experiments were performed as four independent replicates. The data represented in bar graph are
further analyzed. Significance values indicated by * for p < 0.05, ns ~ non-significant for p > 0.05;

in comparison to the respective control cell samples.

RESULT AND DISCUSSION

Gelation Study
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The sequences of §- and hybrid §-peptides are given in the Scheme 1. The B3- and y*-Phe were
synthesized as reported earlier.’®* The §°-Phe was synthesized starting from the Boc-B*-Phe as
shown in the Scheme 2. The new P(O)-5°-Phe was synthesized starting from B-amino alcohol as
shown in the Scheme 3. To understand their ordered self-aggregation properties, the purified
peptide P1 was subjected to the gelation studies in 1x phosphate buffer saline (1xPBS) at pH=7.4
as well as in aromatic organic solvents. Peptide P1 failed to give hydrogels in aqueous buffer
however it gelates various aromatic organic solvents. The organogels of P1 in various aromatic
solvents are shown in the Figure 1. In contrast, peptide P2 gave stable gels in 1x PBS at pH 7.4 at
the concentration of 10 mg/mL dissolved upon gently heating and standing for about 12 h. Inspired
by the spontaneous hydrogelation of P2, we have systematically probed the gelation properties of
hybrid dipeptides consisting Xxx-p(0)-6>-Phe sequences (P3-P5, Scheme 1). Among the all
hybrid peptides, P4 has shown excellent gelation property in a variety of aromatic solvents such
as toluene, benzene, xylene and mesitylene at the concentration of 10 mg/mL. Other peptides (P3
and P5) were found to be either insoluble or not inducing the gelation in aromatic organic solvents.
All hybrid peptides (P3, P4 and PS) were found to be insoluble in 1x PBS and failed to give
hydrogels. The gels derived from the peptides P1, P2 and P4 were found to be external stimuli
responsive. The transition of gel to sol can be achieved by either mechanical forces or by increasing
the temperature. In contrast to P3 and P5, the hybrid peptide P4 consisting of B- and B(O)-5°-Phe
may be reached the threshold of hydrophobicity and hydrophilicity which probably responsible for
the gelation of aromatic organic solvents.”® Being side-chains were constant among all the
peptides, the backbone conformational flexibility is probably responsible for the gelation
properties of the peptides.?® Further, FT-IR spectroscopy was used to study the conformation of

peptide P1, P2 and P4 in the xerogel state. The C=0O stretching (amide I) and NH bending (amide
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II) frequencies around ~1650 cm™ and ~1700 cm™ respectively suggest the B-sheet character of
peptides in the gel state (See ESI). >

Morphology Study

To understand supramolecular assembly formed by the peptides P1, P2 and P4, the FE-SEM was
carried out. As both P3 and P5 did not show any gelation properties, we have not subjected them
for the morphology studies. Though the peptides P1, P2 and P4 displayed the fibrillar morphology
however they are different from one another. Peptide P1 and P4 displayed densely packed fibrillar

network compared to peptide P2.

Figure 1: Examination for the formation of gel in (A) Peptide P1 (conc. 10 mg/mL) in toluene (B)
Peptide P2 (conc. 10 mg/mL) in 1x PBS at pH 7.4. (C) Peptide P3 (conc. 10 mg/mL) in toluene.
(D) Peptide P4 (conc. 10 mg/mL) in toluene. (E) Peptide P5 (conc. 10 mg/mL) in toluene. (F) FE-
SEM images of the organogel of peptide P4 in toluene. (G) FE-SEM images of the hydrogel of

peptide P2 in 1x PBS.
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Viscoelastic Property

To gain insight into the viscoelasticity and self-healing properties of organogels of P1 and P4 and
hydrogels of P2, we carried out the rheological measurements. These results are shown in Figure
2. The larger value of the storage modulus (G') compared to the loss modulus (G") in the strain
sweep experiment at constant angular frequency, signifying the elastic nature of both organogels
(P1 and P4) and hydrogels (P2). The constant values of G' and G" in a frequency sweep

experiments further support the stable organic and hydrogels from these peptides.

(A) & ] (B)1o L .
=G
-G
£ g
b o
- H\’\\.\k P
10° 4
10" 4
E T
! | T 1E-3 0.01 0.1 1
o ! 10 % Strain
% Strain
T T
10 . .
(D) 0.1% Strain 0.1% Strain
& 10’
o
o
2
10 20% Strain
10" ] ‘ .
1 10 100
el 4 1|° 100 Time (Second)

% Strain

Figure 2: (A) Strain sweep rheological analysis of P1 organogel in toluene (10 mg/mL) at
constant angular frequency (1 rad/sec). (B) Strain sweep rheological analysis of the P2 hydrogel

in I x PBS (10 mg/mL) at constant angular frequency (1 rad/Sec). (C) Strain sweep rheological

ACS Paragon Plus Environment

13



oNOYTULT D WN =

Biomacromolecules

analysis of P4 organogel in toluene (10 mg/mL) at constant angular frequency (1 rad/Sec). (D)
Step-strain rheology experiment of peptide P2 hydrogel (10 mg/mL) at constant frequency (1

rad/Sec).

Stimuli Responsive Properties of Organo and Hydrogels

We further noticed that the organogels of the peptides P1 and P4 and hydrogel of peptide P2 were

found to be external stimuli responsive. The transition from gel to sol can be achieved using either

Figure 3: Stimuli responsive nature of the (A) organogel of peptide P4 and (B) hydrogel of peptide
P2. (C) Injectable nature of the hydrogel from peptide P2. (D) Slow release of the dye from

hydrogel matrix to the 1x PBS over about 18 h.

heat or mechanical shaking. Upon cooling and resting, the sol state slowly transformed into the

gel state. By applying the mechanical strain, the hydrogel was transformed to sol and after
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removing the strain the sol slowly transformed again into the gel state. This thixotropic nature of
the gels was further supported by the rheology experiments (Figure 2D). As these types of
injectable hydrogels have been finding applications in the drug delivery, we have examined the
potential of P2 hydrogel as a drug delivery system. We encapsulated 500uL of 1mM proflavine
solution in the gel matrix and 500uL of 1x PBS was added on the top of the hydrogel matrix. The
slow release of the drug was monitored using UV-Vis spectroscopy. The release kinetics suggested

that ~35% of the drug was released from gel to the buffer in 18 h (See ESI).

Oil Spill Recovery by Organogel from Peptide P4

Inspired by the gelation of peptide P4 in various aromatic solvents, we sought to investigate
whether it can be used to selectively gelate the crude oil from the oil-water mixture. The large

scale separation of oil from oil-water mixture has been one of the big challenges in worldwide due

"
&
i
F. 30 mg of P4in
3mL of Toluene
was added to
- - oil/water mix-
Phase selective organo ge- 30 mL of saturated NaCl ture

Scooped out the gels
from the oil/water
mixture

lation (PSOG) of peptide solution
P4 in oil/water mixture.

Vacumm
distilation

Recoverd oil from the oil/ Remaining gelator com-
water mixture pound after vacumm disti-
lation

Figure 4: Phase selective gelation in oil/water mixture and oil spill recovery.
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to the increasing release of oil contaminated waste water and marine oil spills to the seas which
severely damage the marine eco-system.’>>* There are numerous methods available for the oil-
spill recovery, however peptide based amphiphiles attracted considerable attention in recent years
in oil spill recovery.’* Recently Basak et al. have demonstrated the oil spill recovery using
ethanolic solution of small peptides composed of aromatic amino acids.?® The schematic process
of oil spill recovery by the peptide P4 is shown in the Figure 4. To understand the selective gelation
of crude oil, the solution of peptide P4 (30 mg in 3 mL) in toluene was added to the oil-water
mixture composed of 10 mL of oil and 30 mL of saturated NaCl solution. Instructively, upon
treatment of the peptide solution, the oil transformed into gel in less than 5 min. The peptide-oil
gel was scooped out from the oil/water mixture and subjected for vacuum distillation. Through this
process we have successfully recovered the oil from the oil-salt water mixture. Overall, the self-
assembling nature of the dipeptide P4 was found to be an excellent alternative for recovering the

oil in oil spills.

Biocompatibility Studies of the Peptide P2 Hydrogel:

As many thixotropic peptides based hydrogels have been using as a cell culture matrix, we sought
to examine the biocompatibility of the peptide P2 hydrogel and its utility as matrix in the 2D cell
culture. To understand the biocompatibility, peptide gel was mixed with DMEM media at a ratio
of 1:10 and the cells were grown over the gel matrix. We have examined biocompatibility of the
P2 hydrogel using both cancer cell line LN229 and normal cell line HEK293T. After 18h, the live
cells were stained with calcein AM and imaged using fluorescence microscope. The difference in
the growth of the cells over the gel matrix compared to the control experiment without peptide gel
are shown in the Figure S. These results suggest that hydrogel from 6-peptideis biocompatible and

this type of peptides can be used as matrix along with the culture media. As the d-amino acid can
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serve as a dipeptide mimetic, we have examined the proteolytic stability of peptide P2 along with

the control a-dipeptide Boc-Phe-Phe-OH using the protease chymotrypsin. These results are

oNOYTULT D WN =

shown in Figure 6. In contrast to a-dipeptide, the HPLC analysis suggests that peptide P2 was

found to be stable to chymotrypsin.

14 LN229 Cell Lines HEK293T Cell Lines

45 Figure 5: Growth of the cells over gel matrix after 18 h. (A) and (C) are the growth of the cells
over gel matrix. (B) and (D) are the control experiment without any hydrogel. The viable cells

50 are stained with calcein AM stain. (Scale bar for all images are 400 pm)
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Figure 6: HPLC analysis depicting the stability of peptides (A) P2 and (B) control peptide Boc-

Phe-Phe-OH against the protease chymotrypsin.

CONCLUSION

In conclusion, we have demonstrated the formation of self-assembled divergent gels from a new
class of short peptides consisting of d-Phe. These 6-amino acids may serve as surrogates of o-
dipeptide. The dipeptide (P1) composed of backbone homologated §°-Phe was found to be
insoluble in aqueous buffers, however gave stable gels in aromatic organic solvents. In contrast,
the dipeptide composed B(0)-&°-Phe showed remarkable, transparent, thixotropic hydrogels from
the phosphate saline. Replacing backbone —CH»- with “O” atom showed phenomenal change in
their supramolecular gelation properties. The subtle change in the backbone leads to a drastic
change in the molecular behavior of these peptides. Among the hybrid dipeptidesP3, P4 and PS5,
surprisingly only peptide P4 (B*/B(0)-8°) gave organogels in aromatic solvents. Further, we have

demonstrated the utility of p*/B(0)-8°-hybrid peptide P4 in the oil spill recovery through a phase
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selective gelation process. In addition, we have shown the potential applications of the dipeptide
P2 hydrogel as drug delivery system as well as matrix to grow the cells. Both P2 and P4 were
found to be sensitive to the external heat as well as mechanical shaking. The biocompatibility,
proteolytic stability and thixotropic nature of the new d-peptide may serve as potential alternatives
to the existing peptide gels and it can be used as injectable and drug delivery agents. Overall, the
study reported here can open new avenues for the design of biomaterials, injectable gels and drug

delivery agents.

ASSOCIATED CONTENT

Supporting Information

Details of the peptides and amino acids characterization, gelation property, 'H, '*C NMR and

HRMS spectra are available in the supporting information.

AUTHOR INFORMATION

Corresponding Author

*Dr. Hosahudya N. Gopi, Department of Chemistry, Indian Institute of Science Education and

Research, Dr. Homi Bhabha Road, Pune-411008. Email: hn.gopi@iiserpune.ac.in

Funding Sources

Science and Engineering Research Board (SERB), Department of Science and Technology, Govt.

of India (EMR/2014/ 000606)

ACS Paragon Plus Environment

19



oNOYTULT D WN =

Biomacromolecules

ACKNOWLEDGMENT

R. M. R is thankful to IISER Pune for research fellowship. R. P and V. K are thankful to DST-

India for the Inspire Fellowship. A.J thanks Inspire Faculty award (DST-India). H. N. G thanks

SERB (EMR/2014/ 000606), Department of Science and Technology, Govt. of India for the

financial support.

ABBREVIATIONS

TLC, thin layer chromatography; PBS, phosphate-buffered saline; FE-SEM, field emission

scanning electron microscope; NMR, nuclear magnetic resonance.

REFERENCES

1.

Whitesides, G. M.; Mathias, J.; Seto, C. Molecular self-assembly and nanochemistry: a
chemical strategy for the synthesis of nanostructures. Science 1991, 254, 1312-1319.
Zhang, S. Fabrication of novel biomaterials through molecular self-assembly. Nat.
Biotechnol. 2003, 21, 1171-1178.

Tseng, P.; Napier, B.; Zhao, S. W.; Mitropoulos, A. N.; Applegate, M. B.; Marelli, B.;
Kaplan, D. L.; Omenetto, F. G. Directed assembly of bio-inspired hierarchical materials
with controlled nano fibrillary architectures. Nat. Nanotechnol. 2017, 12, 474-480.
Kluender, E. J.; Hedrick, J. L.; Brown, K. A.; Rao, R.; Meckes, B.; Du, J. S.; Moreau, L.
M.; Maruyama, B.; Mirkin, C. A. Catalyst discovery through megalibraries of

nanomaterials. Proc. Natl. Acad. Sci. USA. 2019, 116, 40-45.

Chen, A.; Chatterjee, S. Nanomaterials based electrochemical sensors for biomedical

applications. Chem. Soc. Rev. 2013, 42, 5425-5438.

ACS Paragon Plus Environment

20

Page 20 of 28


https://doi.org/10.1039/1460-4744/1972

Page 21 of 28

oNOYTULT D WN =

10.

11.

12.

13.

14.

Biomacromolecules

Douglas, S. M.; Dietz, H.; Liedl, T.; Hogberg, B.; Graf, Franziska.; Shih, W. M. Self-
assembly of DNA into nanoscale three-dimensional shapes. Nature 2009, 459, 414-418.
Liu, Z.; Frasconi, M.; Lei, J.; Brown, Z. J.; Zhu, Z.; Cao, D.; Lehl, J.; Liu, G.; Fahrenbach,
A. C.; Botros, Y. Y.; Farha, O. K.; Hupp, J. T.; Mirkin, C. A.; Stoddart, J. F.Selective
isolation of gold facilitated by second-sphere coordination with a-cyclodextrin. Nat.
Commun. 2013, 4, 1855.

Gazit, E. Self-assembled peptide nanostructures: the design of molecular building blocks
and their technological utilization. Chem. Soc. Rev. 2007, 36, 1263-1269.

Petka, W. A.; Harden, J. L.; MaGrath, K. P.; Wirtz, D.; Tirrell, D. A. Reversible hydrogels
from self-assembling artificial proteins. Science 1998, 281, 389-392.

Chakraborty, P.; Gazit, E. Amino acid based self-assembled nanostructures: complex
structures from remarkably simple building blocks. ChemNanoMat. 2018, 4, 730 -740.
Spicer, C. D.; Jumeaux, C.; Gupta, Bakul.; Stevens, M. M. Peptide and protein nanoparticle
conjugates: versatile platforms for biomedical applications. Chem. Soc. Rev. 2018, 47,
3574-3620.

Gazit, E. Reductionist approach in peptide-based nanotechnology. Annu. Rev. Biochem.
2018, 87, 533-553.

Habibi, N.; Kamaly, N.; Memicc, A.; Shafiee, H. Self-assembled peptide-based
nanostructures: smart nanomaterials toward targeted drug delivery. Nano Today 2016, 11,
41-60.

Reches, M.; Gazit, E. Casting metal nanowires within discrete self-assembled peptide

nanotubes. Science 2003, 300, 625-627.

ACS Paragon Plus Environment

21



oNOYTULT D WN =

15.

16.

17.

18.

19.

20.

21.

22.

Biomacromolecules Page 22 of 28

Gao, X.; Matsui, H. Peptide-based nanotubes and their application in bionanotechnology.
Adv. Mater. 2005, 17,2037-2050.

Adler-Abramovich, L.; Gazit, E. The physical properties of supramolecular peptide
assemblies: from building block association to technological applications. Chem. Soc. Rev.
2014, 43, 6881-6893.

Tao, K.; Makam, P.; Aizen, R.; Gazit, E. Self-assembling peptide semiconductors. Science
2017, 358, eaam9756.

Schnaider, L.; Brahmachari, S.; Schmidt, N. W.; Mensa, B.; Shaham-Niv, S.; Bychenko,
D.; Adler-Abramovich, L.; Shimon, L. J. W.; Kolusheva, S.; DeGrado, W. F.; Gazit, E.
Self-assembling dipeptide antibacterial nanostructures with membrane disrupting activity.
Nat. Commun. 2017, 8, 1365

Mahler, A.; Reches, M.; Rechter, M.; Cohen, S.; Gazit, E. Rigid, Self-assembled hydrogel
composed of a modified aromatic dipeptide. Adv. Mater. 2006, 18, 1365-1370.

Tao, K.; Levin, A.; Adler-Abramovich, L.; Gazit, E. Fmoc-modified amino acids and short
peptides: simple bio-inspired building blocks for the fabrication of functional
materials. Chem. Soc. Rev. 2016, 45, 3935-3953.

Rua, F.; Boussert, S.; Parella, T.; Diez-Pérez, 1.; Branchadell, V.; Giralt, E.; Ortufio, R. M.
Self-assembly of a cyclobutane B-tetrapeptide to form nanosized structures. Org. Lett.
2007, 9, 3643-3645.

Dinesh, B.; Squillaci, M. A.; Ménard-Moyon, C.; Samori, P.; Bianco, A. Self-assembly of
diphenylalanine backbone homologues and their combination with functionalized carbon

nanotubes. Nanoscale 2015, 7, 15873-15879.

ACS Paragon Plus Environment

22



Page 23 of 28

oNOYTULT D WN =

23.

24.

25.

26.

27.

28.

29.

30.

Biomacromolecules

Yoo, S. H.; Lee, H. S. Foldectures: 3D molecular architectures from self-Assembly of
peptide foldamers. Acc. Chem. Res. 2017, 50, 832-841.

Kwon, S.; Kim, B. J.; Lim, H. K.; Kang, K.; Yoo, S. H.; Gong, J.; Yoon, E.; Lee, J.; Choi,
I. S.; Kim, H.; Lee, H. S. Magnetotactic molecular architectures from self-assembly of 3-
peptide foldamers. Nat. Commun. 2015, 6, 8747.

Misra, R.; Reja, R. M.; Narendra, L. V.; George, G.; Raghothama, S.; Gopi, H. N.
Exploring structural features of folded peptide architectures in the construction of
nanomaterials. Chem. Commun. 2016, 52, 9597-9600.

Malhotra, K.; Shankar, S.; Rai, R.; Singh, Y. Broad-spectrum antibacterial activity of
proteolytically stable self-assembled ay-hybrid peptide gels. Biomacromolecules 2018, 19,
782-792.

Venkatraman, J.; Shankaramma, S. C.; Balaram, P. Design of folded peptides. Chem. Rev.
2011, 701, 3131-3152.

Basak, S.; Nanda, J.; Banerjee, A. A new aromatic amino acid based organogel for oil spill
recovery. J. Mater. Chem. 2012, 22, 11658-11664.

Jadhav, S. R.; Vemula, P. K.; Kumar, R.; Raghavan, S. R.; John, G. Sugar-derived phase-
selective molecular gelators as model solidifiers for oil spills. Angew. Chem. Int. Ed.2010,
49, 7695-7698.

Debnath, S.; Shome, A.; Dutta, S.; Das, P. K. Dipeptide-based low-molecular-weight
efficient organogelators and their application in water purification. Chem.-Eur. J. 2008, 14,

6870-6881.

ACS Paragon Plus Environment

23



oNOYTULT D WN =

31.

32.

33.

34.

35.

36.

37.

38.

Biomacromolecules

Basak, S.; Nandi, N.; Paul, S.; Hamley, I. W.; Banerjee, A. A tripeptide-based self-
shrinking hydrogel for waste-water treatment: removal of toxic organic dyes and lead
(Pb*") ions. Chem. Commun. 2017, 53, 5910-5913.

Kato, T. Self-assembly of phase-segregated liquid crystal structures. Science 2002, 295,
2414-2418.

Baral, A.; Roy, S.; Dehsorkhi, A.; Hamley, I. W.; Mohapatra, S.; Ghosh, S.; Banerjee, A.
Assembly of an injectable noncytotoxic peptide-based hydrogelator for sustained release
of drugs. Langmuir 2014, 30, 929-936.

Yang, Z.; Liang, G.; Wang, L.; Xu, B. Using a kinase/phosphatase switch to regulate a
supramolecular hydrogel and forming the supramolecular hydrogel in vivo. J. Am. Chem.
Soc. 2006, 128, 3038-3043.

Yan, C.; Mackay, M. E.; Czymmek, K.; Nagarkar, R. P.; Schneider, J. P.; Pochan, D. J.
Injectable solid peptide hydrogel as a cell carrier: effects of shear flow on hydrogels and
cell payload. Langmuir 2012, 28, 6076-6087.

Seow, W. Y.; Salgado, G.; Lane, E. B.; Hauser, C. A. E. Transparent cross-linkedultrashort
peptide hydrogel dressing with high shape-fidelity accelerates healing of full-thickness
excision wounds. Sci. Rep. 2016, 6, 32670.

Baral, A.; Roy, S.; Ghosh, S.; Hermida-Merino, D.; Hamley, I. W.; Banerjee, A. A peptide-
based mechano-sensitive, proteolytically stable hydrogel with remarkable antibacterial
properties. Langmuir 2016, 32, 1836-1845.

Jayawarna, V.; Ali, M.; Jowitt, T. A.; Miller, A. F.; Saiani, A.; Gough, J. E.; Ulijn, R. V.
Nanostructured hydrogels for three dimensional cell culture through self-assembly of

fluorenylmethoxycarbonyl—dipeptides. Adv. Mater. 2006, 18, 611-614.

ACS Paragon Plus Environment

24

Page 24 of 28



Page 25 of 28

oNOYTULT D WN =

39.

40.

41.

42.

43.

44,

45.

46.

47.

Biomacromolecules

Ma, M.; Kuang, Y.; Gao, Y.; Zhang, Y.; Gao, P.; Xu, B. Aromatic—aromatic interactions
induce the self-assembly of pentapeptidic derivatives in water to form nanofibers and
supramolecular hydrogels. J. Am. Chem. Soc. 2010, 132, 2719-2728.

McDougall, L.; Draper, E. R.; Beadle, J. D.; Shipman, M.; Raubo, P.; Jamieson, A. G.;
Adams, D. J. Enzymatically-stable oxetane-based dipeptide hydrogels. Chem. Commun.
2018, 54, 1793-1796.

Ou, C.; Zhang, J.; Zhang, X.; Yang, Z.; Chen, M. Phenothiazine as an aromatic capping
group to construct a short peptide-based super gelator. Chem. Commun. 2013, 49, 1853-
1855.

Bastiat, G.; Leroux, J. C. Pharmaceutical organogels prepared from aromatic amino acid
derivatives. J. Mater Chem. 2009, 19, 3867-3877.

Jadhav, S. V.; Misra, R.; Singh, S. K.; Gopi, H. N. Efficient access to enantiopure y*-
amino acids with proteinogenic side-chains and structural investigation of y*-Asn and y*-
Ser in hybrid peptide helices. Chem. -Eur. J. 2013, 19, 16256-16262.

Jadhav, S. V.; Gopi, H. N. Remarkable thermoresponsive nanofibers from y-peptides.

Chem. Commun. 2013, 49, 9179-9181.

Baldauf, C.; Gunther, R.; Hofmann, H.-J. 5-Peptides and J- amino acids as tools for peptide

structure design - a theoretical study. J. Org. Chem. 2004, 69, 6214-6220.

Jiang,H.; Léger, J. M.; Huc, I. Aromatic J-peptides. J. Am. Chem. Soc. 2003, 125, 3448-
3449.

Sharma, G. V. M.; Babu, B. S.; Ramakrishna, K. V. S.; Nagendar, P.; Kunwar, A. C;
Schramm, P.; Baldauf, C.; Hofmann, H.-J. Synthesis and structure of a/3-hybrid peptides-

access to novel helix patterns in foldamers. Chem. Eur. J. 2009, 15, 5552-5566.

ACS Paragon Plus Environment

25



oNOYTULT D WN =

48.

49.

50.

51.

52.

53.

54.

Biomacromolecules

Siriwardena, A.; Pulukuri, K. K.; Kandiyal, P.S.; Roy, S.; Bande, O.; Ghosh, S.; Fernndez,
J. M. G.; Martin, F. A.; Ghigo, J.-M.; Beloin, C.; Ito, K.; Woods, R. J.; Ampapathi, R. S.;
Chakraborty, T. K. Sugar-modified foldamers as conformationallydefined and biologically
distinct glycopeptide mimics. Angew. Chem. Int. Ed. 2013, 52, 10221-10226.

Misra, R.; Sharma, A.; Shiras, A.; Gopi, H. N. Backbone engineered y-peptide amphitropic
gels for immobilization of semiconductor quantum dots and 2D cell culture. Langmuir
2017, 33, 7762-7768.

Seebach, D.; Overhand, M.; Kiihnle, F. N. M.; Martinoni, B.; Oberer, L.; Hommel, U.;
Widmer, H. B-Peptides: synthesis by Arndt-Eistert homologation with concomitant peptide
coupling. Helv. Chim. Acta 1996, 79, 913-941.

Yusof, Y.; Tan, D. T. C.; Arjomandi, O. K.; Schenk, G.; McGeary, R. P. Captopril
analogues as metallo-B-lactamase inhibitors. Bioorg. Med. Chem. Lett.2016, 26, 1589-
1593.

Lessard, R. R.; Demarco, G. The significance of oil spill dispersants. Spill Sci. Technol.
Bull. 2000, 6, 59-68.

Yuan, J.; Liu, X.; Akbulut, O.; Hu, J.; Suib, S. L.; Kong, J.; Stellacci, F. Superwetting
nanowire membranes for selective absorption. Nat. Nanotechnol. 2008, 3, 332-336.
Bhattacharya, S.; Krishnan-Ghosh, Y. First report of phase selective gelation of oil from
oil/water mixtures. Possible implications toward containing oil spills. Chem. Commun.

2001, 185-186.

ACS Paragon Plus Environment

26

Page 26 of 28



Page 27 of 28

oNOYTULT D WN =

Biomacromolecules

Divergent Supramolecular Gelation of Backbone
Modified Short Hybrid o-Peptides

Rahi M. Reja’, Rajat Patel”, Vivek Kumar’, Anjali Jha%, Hosahudya N. Gopi*”

$Nanobioscience Group, Agharkar Research Institute, G. G. Agarkar Road, Pune-411004, India

TDepartment of Chemistry, Indian Institute of Science Education and Research, Dr. Homi

Bhabha Road, Pune-411008, India E-mail: hn.gopi@jiiserpune.ac.in

Table of Contents (TOC)

ioiﬂ/g?\é).l\cm
A&

Proteolytically Stable

& (Ej — L© > S B

o [+] o o o o o o

I O N S S N O e S
H

Organogel Hydrogel in 1 x
PBS

>L0)0L~ 0 N'[\V lo‘vj\m‘ -
-y %
] . -
'Y 1

Growth of Cells
il Spill Over Gel

Recovery

ACS Paragon Plus Environment

27


mailto:hn.gopi@iiserpune.ac.in

oNOYTULT D WN =

Biomacromolecules

j\ (o] H (o]
OJLN N\_)LOH
H o B
Proteolytically Stable

& & - ( > J:S f[
[0} [e] o] (o] o o o} o
LA, ' S v

Organogel Hydrogel in 1 x

Ci/u\ PBS
-
! 3
.3 -
A -

Growth of Cells
Qil Spill Over Gel

Recovery

For Table of contents use only

420x297mm (300 x 300 DPI)

ACS Paragon Plus Environment

Page 28 of 28



