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ABSTRACT: A series of f-amino acid containing tripeptides has been designed
and synthesized in order to develop oligopeptide-based, thermoreversible, pH-
sensitive, and proteolytically stable hydrogels. The Fmoc [N-(fluorenyl-9-
methoxycarbonyl)]-protected tripeptides were found to produce hydrogels in
both pH 7 and 2 buffers at a very low concentration (<0.2% w/v). It has been
shown that the Fmoc group plays an important role in the gelation process. Also a
dependence of gelation ability on hydrophobicity of the side chain of the Fmoc-
protected a-amino acid was observed. The effect of the addition of inorganic salts
on the gelation process was investigated as well. Spectroscopic studies indicated
formation of J-aggregates through 7— stacking interactions between Fmoc groups
in solution as well as in the gel state. In the gel phase, these self-assembling
tripeptides form long interconnected nanofibrils leading to the formation of 3-
dimensional network structure. The hydrogels were characterized by various
techniques, including field emission electron microscopy, transmission electron

microscopy, atomic force microscopy, rheology, Fourier transform IR, circular dichroism (CD), and wide-angle X-ray diffraction
(WAXD) spectroscopy. The CD studies and WAXD analyses show an antiparallel f-sheet structure in the gel state. L-
Phenylalanine and L-tyrosine containing tripeptides formed helical aggregates with handedness opposite to those containing L-
valine and L-leucine residues. The mechanical stability of the hydrogels was found to depend on the hydrophobicity of the side
chain of the tripeptide as well as on the pH of the solution. Also, the tripeptides exhibit in vitro proteolytic stability against

proteinase K enzyme.

1. INTRODUCTION

In the past two decades, supramolecular self-assembly has
stimulated research efforts on the rational design of smart
materials that could provide robust routes for the development
of a myriad of applications in the biomedical field. Hydrogels
are a fascinating self-assembly system that are useful in
biosciences because of their enormous use in regenerative
medicine,’ drug delivery,” biosensing,’ 3-dimensional (3D)
matrices for cell culture,” etc. A typical hydrogelator is a
combination of two parts: the hydrophilic part enhances the
solubility by interacting with water; the hydrophobic part
encourages the molecules to aggregate in order to minimize
their exposure to water. Driven by several noncovalent forces,
such as hydrogen-bonding (H-bonding), 7—7 stacking, and van
der Waals interactions, the 3D elastic networks imbibe very
large amounts of liquid (water, in case of hydrogels) in their
interstitial spaces.””~ Among these materials, low-molecular-
mass gelators (LMMGs) comprised of amino acid/peptides are
one of the most common classes of hydrogelators owing to
their easy synthesis and synthetic diversity, availability, and low
cost.'’ In recent years, hydrogels based on short peptide-based
gelators have found uses in applications such as wound healing,
sustained release of drugs and biomolecules, pollutant removal
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from water, etc.''”"” For peptide-based hydrogelators, the
contribution of m—sn-stacking interactions of the aromatic
groups has been observed as one of the most important driving
forces for efficient hydrogelation. Accordingly, in the design of
new aromatic peptide-based building blocks that could
configure highly stable self-associated systems, the N-
fluorenylmethoxy-carbonyl (Fmoc) group is the most utilized
functionality because of its rigid linker that offers sufficient
length for effective self-assembly among aromatic and peptide
domains.'® Initially in 1995, Vegners et al. showed the
hydrogelation by a Fmoc protected dipeptide.'” Subsequently,
efforts have been devoted by a number of groups to synthesize
and develop new, N-terminally conjugated small molecular
hydrogelators.”’~*” Phenylalanine has been shown to have a
significant effect on hydrogelation.”> Ulijn and co-workers
demonstrated the propensity of Fmoc-diphenylalanine hydro-
gels to adopt f-sheet-type H-bonding networks through
antiparallel, 7z-stacking interactions of the Fmoc groups.”
Later, Nilsson and co-workers exploited the hydrogelation
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ability of a hydrogelator consisting of Fmoc-protected
pentafluorophenyl alanine (Fmoc-Fs-Phe). The highly fluori-
nated molecules, Fmoc-F;-Phe, are much more efficient
hydrogelators than the nonfluorinated analogue, Fmoc-Phe.””
More recently, the same group explored the effect of the
structure of benzyl side chains on the efficiency of the
hydrogelators by incorporating electron-donating or electron-
withdrawing groups.

Although research on peptide-based hydrogelators (mainly
containing a-amino acid residues) offers many avenues for
investigation of supramolecular self-assembly, some limitations
do exist in the scope of application of such types of peptides
because of their susceptibility toward in vivo, proteolytic,
enzyme-catalyzed hydrolysis. The inherent propensity of these
peptide-hydrogelators toward proteolytic enzymes reduces their
potency as drug carriers by shortening their lifetime inside the
cell””*” Therefore, to avoid such undesired effects by enzymes,
an alternative approach to proteolytically stable hydrogelators
that may mimic the functions of a peptide has been introduced.
For example, introduction of a - or D-a-amino acid residue
into these peptide hydrogelators has attracted a great deal of
attention. However, despite rapid progress in the development
of f-amino acid- or D-a-amino acid-containing hydrogelators,
only a few examples are known so far.”**'~** To address this
issue further, we have developed a series of f-alanine-
containing tripeptidic hydrogelators (see Chart 1 for structures)

Chart 1. Chemical Structure of Different Hydrogelators and
L-Carnosine (Car)
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based on L-carnosine (Car), which is known to be involved in a
number of biological activities. Car is a dipeptide of L-histidine
and f-alanine. The f-alanine residue in Car plays a crucial role
in its antioxidant properties for carbohydrates (antiglycation)
and lipids (antilipoxidation).*”*® Also, the r-histidine residue
exhibits binding affinity toward transition metal ions. Because
of the presence of the histidine residue, Car has the ability to
inhibit glycation-induced protein cross-linking and has been
prescribed to treat Alzheimer’s disease.”’ Although the
dipeptide has a number of biological activities, the gelation
properties of its derivatives have not been explored widely. In
fact, only two reports on the hydrogelation abilities of the
derivatives of Car have appeared.”*** Keeping this in mind, we
have synthesized seven Fmoc-tripeptides by covalently linking

Fmoc-protected amino acids to Car and have investigated their
self-assembly and hydrogelation properties by use of various
techniques, including UV—vis, fluorescence, Fourier transform
infrared (FTIR), circular dichroism (CD), and wide-angle X-ray
diffraction (WAXD) spectroscopy, transmission electron
microscopy (TEM), field emission scanning electron micros-
copy (FESEM), and atomic force microscopy (AFM) imaging,
and rheology.

2. EXPERIMENTAL SECTION

2.1. Materials. 1-Carnosine (99%) was purchased from Sigma-
Aldrich (Bangalore, India). Fmoc-L-alanine (Fmoc-Ala) (98%), Fmoc-
L-valine (Fmoc-Val) (98%), Fmoc-L-leucine (Fmoc-Leu) (98%),
Fmoc-1-isoleucine (Fmoc-Ile) (98%), Fmoc-L-methionine (Fmoc-
Met) (98%), Fmoc-L-phenyl alanine (Fmoc-Phe) (98%), Fmoc-
tyrosine (Fmoc-Tyr) (98%), Boc-L-valine (Boc-Val) (98%), N-
hydroxysuccininimide (NHS) (98%), 1,3-dicyclohexylcarbodiimide
(DCC), proteinase K, and sodium hydroxide were purchased from
SRL (Mumbai, India) and were used as received. All the organic
solvents used for purification through column chromatography were of
the highest purity (99%). Dichloromethane was dried by using CaH,,
and methanol was dried by using I,/Mg turnings. Milli Q water (18
MQ cm™') was used for the preparation of buffers.

All seven Fmoc-tripeptides considered in this study were
synthesized in the laboratory. The N-protected tripeptides Fmoc-
Ala-Car, Fmoc-Val-Car, Fmoc-Leu-Car, Fmoc-Ile-Car, Fmoc-Met-Car,
Fmoc-Phe-Car, and Fmoc-Tyr-Car were obtained from Car by
covalently linking an Fmoc-protected L-alanine (Fmoc-Ala), L-valine
(Fmoc-Val), r-leucine (Fmoc-Leu), vL-isoleucine (Fmoc-Ile), L-
methionine (Fmoc-Met), L-phenyl alanine (Fmoc-Phe), and L-tyrosine
(Fmoc-Tyr), respectively, by standard procedure.®” The Boc-protected
Boc-Val-Car was also synthesized by conjugating Boc-L-valine (Boc-
Val) to Car following a similar procedure. The details are described
under Supporting Information. The Fmoc-tripeptides were isolated in
the neutral form as precipitates. The chemical structure of the Fmoc-
tripeptides was identified by FTIR, 'H NMR, and high-resolution mass
spectra (HRMS) (see Figures SI to S8).

2.2. Methods and Intrumentation. The melting point of the
Fmoc-tripeptides was measured using Instind (Kolkata) melting point
apparatus with open capillaries. The FTIR spectra were recorded with
a PerkinElmer (model Spectrum Rx I) spectrometer. The 'H and *C
NMR spectra were recorded on an AVANCE DAX-400 (Bruker,
Sweden) 400 MHz NMR spectrometer in DMSO-dg solvent.

Aqueous buffers (20 mM) in the pH range of 2—10 were used for
the gelation studies. Buffers of pH 2 and pH 3 were prepared by
mixing appropriate volumes of H;PO, and NaH,PO, solutions.
Acetate buffers of pH 4 and 5 used for the study were prepared by
mixing appropriate volumes of CH;COOH and CH;COONa
solutions. Buffer solutions of pH 6, 7, and 8 were made by mixing
appropriate volumes of NaH,PO, and Na,HPO, solutions. For the
preparation of pH 9 and 10, carbonate buffers were employed. The pH
was measured using a digital pH meter (Systronics-335, Kolkata,
India) after standardizing the instrument with standard pH 7 and pH 4
buffers.

The gelation tests were performed in 20 mM aqueous buffer at
different pH values. A weighed amount of the gelator, suspended in
appropriate buffer in a screw-capped glass vial (o.d. ~ 1 cm), was
heated in a hot water bath (maintained at ~80 °C) for 10—15 min to
obtain a clear solution. The hot solution was then cooled in a
temperature-controlled water bath maintained at 25 + 0.1 °C. A
preliminary assessment of gelation was made if the suspension did not
flow during more than 1 min under the force of gravity upon inversion
of the vial.

Because of poor aqueous solubility of the gelators, all measurements
involving hydrogels were carried out at a concentration equal to their
respective. CGC (critical gelation concentration) value. Melting
temperature of the gels were measured by inverting the screw-capped
vial containing the gel in a temperature-controlled water bath

DOI: 10.1021/acs.langmuir.7b03018
Langmuir 2017, 33, 12989—-12999


http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03018/suppl_file/la7b03018_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03018/suppl_file/la7b03018_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b03018

Langmuir

(JULABO, model F12). The gel was slowly heated at a 1 °C/min until
the gelated mass started to flow on tilting of the vial.

The UV—vis spectra of solutions (10~ M) were recorded with a
UV-2450 UV—vis spectrophotometer (Japan) in a quartz cuvette of
path length 1 cm. Fluorescence spectral measurements were
performed using a 1 cm® quartz cuvette on a LS-55 luminescence
spectrometer (PerkinElmer, U.K.), equipped with a filter polarizer and
a thermostatting cell holder. Each sample was equilibrated for 12 h
before recording the spectrum. The excitation wavelength in all the
cases was 262 nm and fluorescence was detected at the right angle.

The morphology of the hydrogels was determined through the
TEM, FESEM and AFM. TEM images were taken with a transmission
electron microscope (FEI-TECNAI G2 20S-TWIN, FEI) operating at
an accelerating voltage of 120 kV. The hydrogels were drop-cast on the
carbon-coated copper grid, and the samples were air-dried. For
FESEM experiments, the hydrogel was placed on a piece of aluminum
foil and was air-dried at room temperature. A layer of gold was
sputtered on top to make a conducting surface, and finally the
specimen was transferred onto the field emission scanning electron
microscope (FESEM, Zeiss, Supra-40, Netherland), operating at S—10
kV to get the micrograph. The AFM experiments were performed by
placing a drop of solution of the gelator at its pregelation
concentration on a freshly cleaved mica foil. The material was then
allowed to dry at room temperature, and then the images were taken
with an atomic force microscope (Agilent 5500). The images were
captured in the tapping mode using a silicon probe cantilever (PPP-
NCL, Nanosensors, Inc.) of 215—235 mm length, resonance
frequency of 146—236 kHz, and a force constant of 21—98 N m™".

The CD spectra were measured on a Jasco J-815 (Japan)
spectropolarimeter using quartz cells of 1 mm path length. Each
spectrum was baseline-corrected using the appropriate reference
solvent. Each sample was equilibrated for 12 h before recording the
spectra.

The wide-angle WAXD spectra were recorded at room temperature
on a X-ray diffractometer (Bruker AXS, Diffractometer D8, Germany)
using Cu source (Cu Ka, A = 1.5418 A) and Ni filter at a scanning rate
of 0.001 s™' between 2 and 30°. The operating voltage and current of
the instrument were 40 kV and 30 mA, respectively. The hydrogel
samples prepared on a glass slide were dried in the air overnight before
measurement.

The rheological measurements were performed on a Bohlin RS D-
100 (Malvern, UK) rheometer using parallel-plate (PP-20, diameter 20
mm) geometry with a constant tool gap of 100 gm. The rheometer
was fitted with a solvent trap and Peltier device that controls
temperature within 25 + 0.1 °C. All measurements were performed
with a matured gel after 10 h of preparation. The preformed gel was
scooped out from the wide mouth vial by use of a spatula without
causing any damage to the gel structure and was placed on the
rheometer plate. An equilibration time of 30 min was allowed for each
sample before measurement. Oscillatory stress sweep measurements
were carried out at a constant frequency of 1 Hz to obtain storage
modulus (G’) and loss modulus (G”). The frequency sweep
measurements were carried out keeping the stress value constant [1
Pa for all samples, except Fmoc-Phe-Car (pH 7) and Fmoc-Met-Car
(pH 7)], where the stress values were 10 and 0.1 Pa, respectively).

Chromatographic analyses of samples were performed at 25 + 1 °C
with a high-performance liquid chromatograph (HPLC) using
solutions filtered through a 0.45 pm membrane filter. The samples
(20 uL injected volume) were analyzed using a Shimadzu system
(Kyoto, Japan) equipped with LC-20AT Prominence liquid chromato-
graph 13 pump, DGU-20A3 Prominence Degasser, CBM-20A
Prominence communications bus module, SPD-20A Prominence
UV/vis detector, LC solution software, and a rheodyne injector with
a 100 uL loop. Separation was performed using a Phenomenex RP
C18 column, 250 X 4.6 mm, 5 pm, and an isocratic mobile phase of
70:30 (v:v) MeOH:H,O at a 1 mL/min flow rate. The eluate was
monitored at 254 nm.

3. RESULTS AND DISCUSSION

3.1. Gelation Behavior. As initial screening tests, hot
solutions of a hydrogelator were cooled slowly in a temper-
ature-controlled water bath maintained at 25 °C. If they did not
flow perceptibly, they were deemed gels (i.e., the “inversion test
tube” method).” In many cases, quenching a sol in an ice-cold
water bath (i.e., fast cooling) also produced gels. Photographs
of the appearances of the hydrogels at different pH values are
shown in (Figure S9), and the results are summarized in Table
1. The data in Table 1 indicate that gelation depends on the

Table 1. Gelation Properties of Different Tripeptides in
Aqueous Buffer of Varying pH at Room Temperature®

CGC (% w/v) (T,/°C)

Fmoc- Fmoc- Fmoc- Fmoc- Fmoc-
Ala- Fmoc- Leu- Fmoc-  Met- Phe- Tyr-
pH Car Val-Car Car Ile-Car Car Car Car
2 P 0.26, Tp 0.27, Tp I 031, Tp 024, Tp 1
(78) (75) (68) (82)
3 P I 0.29, Tp I 032, Tp 030, Tp I
(45) (58) (58)
4 I 1 I I w I I
S 1 I 1 1 W 1 1
6 I I I I I I I
7 P 0.70, TI  0.30, T1 I 036, Tp 028, Tp I
(55) (66) (90)
8 S 0.69, T S I 039, Tp 049, Tp 046, Tl
M) (47) w) (44)

“The number within the parentheses represents corresponding the T
value. I = Insoluble, P = Precipitate, S = Solution, Tp = Transparent
gel, Tl = Translucent gel, O = Opaque gel, W = Weak gel, M-
Metastable gel. The concentration of the samples other than the
hydrogels was 2.5 mg/mL.

hydrophobicity of the side chain moiety of the Fmoc-protected
a-amino acid: under the same preparation conditions, Fmoc-
Phe-Car shows an excellent ability to form hydrogels at pH 7 as
well as at pH 2, and it exhibits the lowest CGC value (~0.2%
w/v) among the hydrogelators investigated. At the same pH,
Fmoc-Leu-Car and Fmoc-Met-Car afforded hydrogels with
comparatively higher CGC values. On the other hand, -
alanine-containing Fmoc-Ala-Car failed to gel aqueous buffer
within the pH range investigated; a precipitation was observed
after cooling to room temperature. Fmoc-Val-Car formed a
transparent hydrogel at pH 2 and a translucent gel at pH 7 and
8. However, the hydrogel at pH 7 was metastable, and it
transformed into a viscous solution within ca. 30 min. When
self-assembly is sufficiently efficient to form interfibril, non-
covalent cross-links and, thus, a 3D network, its stability
depends on complementary fibril—fibril interactions. Thus, we
hypothesize that the smaller side chains of Ala and Val do not
support adequately the required association between fibrils.

It has been previously reported that Fmoc-Tyr conjugated
peptides are more effective hydrogelators than Fmoc-Phe
ones.”” The observed difference may be associated with the
hydrophobicity and ring structure of the amino acid side chains.
However, in the present study, attempts to gelate water in the
pH range of 2—7 were unsuccessful for the Fmoc-Tyr-Car
tripeptide. Indeed, Fmoc-Tyr-Car was difficult to dissolve at
any pH in this range either by heating or sonication. Thus, if
the hydrogelator-hydrogelator interactions from H-bonding are
too strong, gelation is again inhibited because precipitation
prevails. Ancillary evidence for these assertions comes from the
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Figure 1. TEM images of the xerogels of (A) Fmoc-Val-Car (pH 2), (B) Fmoc-Val-Car (pH 7), (C) Fmoc-Leu-Car (pH 2), (D) Fmoc-Leu-Car (pH
7), (E) Fmoc-Met-Car (pH 2), (F) Fmoc-Met-Car (pH 7), (G) Fmoc-Met-Car (pH S), (H) Fmoc-Ile-Car, (I) Fmoc-Phe-Car (pH 2), (J) Fmoc-

Phe-Car (pH 7), and (K) Fmoc-Tyr-Car (pH 8).

high melting temperatures of the neat gelators (see Chemical
identification); in these cases, the phenolic —OH group
supplies the strong H-bonding interactions. However, at pH
8, after the suspended peptide had been heated and cooled,
sonication for ~3—5 min produced a homogeneous mixture,
which on standing undisturbed for 5—6 h, afforded a
translucent gel. At pH 9, however, all the peptides remained
in solution, except Fmoc-Tyr-Car which dissolved only above
pH 10. At pH 8, however, some of the peptides formed weak
hydrogels. Therefore, for all the Fmoc-tripeptides, except
Fmoc-Tyr-Car, only pH 2 and 7 were chosen for detailed
investigation.

The above observations suggest that the interaction between
side chains of neighboring gelator molecules plays a significant
role in solubilization of the tripeptides and thus contributes
importantly to the rigidity and stability of the hydrogels. A
striking gelation behavior observed with Fmoc-Ile-Car further
demonstrates the importance of side chain interaction during
self-assembly formation: it remained insoluble in all buffer
solutions at pH < 9, although the homologous Fmoc-Leu-Car
efficiently formed a gel at pH 2 and 7. As noted, the side chain
affects the packing of the gelator molecules in their neat solid
states as well, as reflected by their melting temperatures.
However, hydrophobicity of the side chains cannot explain the
observed trend in gelation because it is very similar at pH 2. By
contrast, the hydrophobicity of isoleucine is slightly higher than
that for leucine (99 for isoleucine and 97 for leucine,

considering 0 hydrophobicity for glycine) at pH 7.”* Therefore,
the presence of the methyl group in the side chain of the
isoleucine derivative seems to be responsible for the difference
in the behavior of these two gelators.

Previous reports have suggested that the gelation of peptide-
based amphiphiles depends on the charge state of the C-
terminal —COOH groups.” In order to investigate whether
water alone at neutral pH could induce gelation, an equimolar
amount of NaOH (relative to the Fmoc-Ile-Car monomer) was
added to the peptide in water. Immediate solubilization was
observed on slight heating, and subsequent addition of an
equimolar amount of 1 (N) HCl turned the clear solution into
an opaque gel.

The protonation—deprotonation behavior of the hydro-
gelators changes with the pH of the medium. The pK, values of
the imidazolium and —COOH groups of all the tripeptides
were determined therefore by the pH titration method (see
Figure S10). The pK, values of the —COOH groups are in the
range of 3.1 to 3.4, while those of the imidazoliums lie in the
6.8—7.1 region. These pK, values agree well with those
reported in the literature.”* Thus, the pI values of the peptide
gelators are ~4.9, and both the imidazole ring of histidine and
the free —COOH group existed in their protonated forms at
pH 2. This facilitates intermolecular H-bonding interactions
among gelator molecules. Indeed, the CGC value is observed to
be lowest at pH 2. Because the hydrogelators remain mostly in
their zwitterionic forms at 4 < pH < 7 (due to deprotonation of
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the —COOH groups), they are poorly soluble in water in this
pH range and do not form gels. At pH > 7, both the imidazole
and —COOH groups are deprotonated, which helps solubiliza-
tion and results in macroscopic gelation. Also, the presence of
—COO™ at pH > 7 enhances the hydration by water and,
thereby, reduces the gelation ability; at pH 7, Fmoc-Tyr-Car
behaves in a similar fashion. Since the pK, of deprotonation of
the phenolic —OH group of L-tyrosine is ~10.64,” it remains
protonated at pH 7. However, the hydrogelator exhibits
complete solubilization on sonication at pH 8, which is near
its pK, value. Fmoc-Tyr-Car, having slightly higher solubility at
pH 8 than at pH 7, is gelated upon sonication.

Note that unlike dipeptide”>*’ and pentapeptide™ gelators,
the Fmoc-tripeptides exhibit neither salt-induced gelation nor
increased stiffness upon addition of salt to a hydrogel. Instead,
we observed precipitation of the gelators in the presence of
inorganic salts (S0 mM) such as NaCl, KCl, Na,SO,, and CaCl,
at pH 2 and 7.

Comparison of the CGC values of all the hydrogelators
provides information about the dependence of hydrogelation
on the amino acid side chain. In fact, the hydrophobicity,
additional 7—n stacking interaction during self-assembly, and
the charge state of the functional groups cumulatively
determines the fate of the gelators and gelation. At pH 2, the
hydrophobicity of the amino acid side chain decreases in the
order Leu ~ Ile > Phe > Val > Met > Tyr > Ala, whereas at pH
7, only Leu and Phe exchange their positions.”® Therefore,
Fmoc-Ala-Car failed to induce any gelation, and Fmoc-Tyr-Car
had the highest CGC value. At both pH 2 and 7, the CGC
value was next highest for Fmoc-Met-Car. Thus, except Fmoc-
Phe-Car and Fmoc-lle-Car, the gelation abilities in terms of
CGC values follow the order of their hydrophobicity. Fmoc-
Phe-Car, owing to its additional z—z-stacking, is the most
effective hydrogelator at both pH values.

Furthermore, in order to examine the critical role of Fmoc
group in the gelation process, a tripeptide Boc-Val-Car (see
Chart 1) was synthesized by conjugating N-(tert-butoxycar-
bonyl)-L-valine (Boc-Val) to Car. As expected, the Boc-Val-Car
failed to gelate pure water or at any of the pH values explored.
Thus, the presence of the Fmoc group in these tripeptides plays
an important role in the gelation process.

The thermo-reversibility as well as thermal stability test for
the hydrogels was performed by measuring their gel-to-sol
transition temperatures (Tgs). The T, values for different
hydrogels were determined at their respective CGC values
(Table 1). The results show that the hydrogel of Fmoc-Phe-Car
at pH 2 and pH 7 are thermally the most stable, an observation
attributed to the additional 7—7 stacking interaction between
benzyl groups. Despite having the benzyl ring, the hydrogel of
Fmoc-Tyr-Car at pH 8 shows a gel-to-sol transition at 44 °C
due to the less efficient packing of this tripeptide molecule and
the lower hydrophobicity of the Tyr moiety.

3.2. Morphology of the Hydrogels. Scanning Electron
Microscopy. The formation of 3D network structures by the
gelators in buffer is supported by the FESEM images of the
corresponding xerogels as shown in Figure S11. The
appearance of the self-assembled structures is consistent with
the previously published images of peptidic hydrogelators.*®
The gel networks of the hydrogels were found to consist of
bundles of entangled nanofibers of very high aspect ratio.

Transmission Electron Microscopy. Although the visual
appearance on inversion of the vials indicated hydrogel
formation by the tripeptides in the buffers, microscopic analysis

of the hydrogels was carried out by TEM measurements as a
means to obtain additional information about the networks
(Figure 1). The results are consistent with those based on the
FESEM images (Figure S11). All the images reveal network
structures constituted by fibrils of different widths. The average
fiber diameters (based on 3 observations) are collected in Table
S1 for comparison purposes. As illustrated in Figure 1, the
fibrils tend to be bundled under the conditions used for sample
preparation. Because those conditions convert the gels into
xerogels, it is not possible to assess the degree of fibril bundling
in the actual gels. Regardless, the fibrillary nature of the gelator
networks is established.

Although the Fmoc-Val-Car hydrogel shows a gel-to-sol
transition within ca. 30 min of its preparation at pH 7, the
sample appeared to have very thin, but few, fibers; an
insufficient number of fibril—fibril interactions appears to be
present in order to form a stable network. The TEM image of
the self-assembled network structure of Fmoc-Ile-Car showed
comparatively thicker aggregates with a higher number of
junction jones. The degree of nanofiber bundling into thicker
fibers, as observed from TEM images, was highest for Fmoc-Ile-
Car. This morphological difference might be due to the
difference in hydrophobicities of the Fmoc-L-amino acid
residues, which influences the gelation process of Fmoc-Ile-
Car as well, or to changes occurring as the water evaporates
during sample preparation. The hydrogels of Fmoc-Met-Car at
pH 7 exhibit a high degree of entanglement of fibers whose
diameters are ca. 12 + 2 nm (in contrast to ca. 25 + 5 nm at
pH 2). A similar type of self-assembled network for Fmoc-Phe-
Car, with fibril diameters ca. 20 &+ 3 and ca. 10 + 4 nm, were
also observed at pH 2 and pH 7, respectively. For all the
gelators, the fibers were interconnected to create 3D gel
networks and the fibrils that were up to several micrometres of
length. The high aspect ratios of the gel fibers clearly suggest
that the gelator—gelator intermolecular interactions are very
anisotropic.” Since the gelator molecules are made of chiral
amino acid residues, the primary and secondary aggregates of
the gelators are expected to exhibit some form of helicity, as
already reported for many gelator molecules.”’ However, none
of the TEM images of the hydrogels reveals the existence of
twisted fibers. This may be due to the methods used to prepare
the samples for TEM or to the modes of gelator packing within
the fibers.

AFM Images. In order to visualize finer details of the
aggregates formed by the gelators, we examined AFM images of
relatively concentrated dispersions of some representative
gelators. The images of Fmoc-Phe-Car, Fmoc-Val-Car, Fmoc-
Leu-Car, Fmoc-Met-Car, and Fmoc-Ile-Car tripeptides are
presented in Figure S12. They show the existence of fiber-type
aggregates of high aspect ratios, consistent with the TEM
images. But it is interesting to observe that all the images
exhibit helical or twisted ribbons (indicated by arrows).
However, the low resolution of the images did not permit a
detailed analysis of handedness or pitch.

3.3. Self-Assembly Studies. Absorption Spectra. The
UV—vis absorbance spectra of the hydrogelators were measured
in water at different pH values, and the results are summarized
in Figure S13. For comparison purposes, the spectrum in the
gel state of the Fmoc-Val-Car hydrogelator has also been
included. All the spectra exhibited a strong band at ca. 206 nm,
and weak absorption peaks in the region of 262—298 nm
associated mainly with the z—z* transitions of the Fmoc
chromophore. The absorption peaks in the region of 287—297
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Figure 2. (a) CD spectra of Fmoc-Phe-Car at pH 7 at different concentrations. (b) CD spectra of different gelators in the gel state at pH 2. Variable
temperature CD spectra of (c) Fmoc-Phe-Car (pH 2) and (d) Fmoc-Val-Car at pH 2. The gels were prepared at their respective CGC values. The

path length of the cell was 1 mm.

nm of Fmoc-Val-Car in solution shifted to longer wavelengths
in going from solution to the gel state (303 nm), suggesting
formation of J-aggregates®’ through z—r stacking interactions
between Fmoc groups of neighboring molecules.

Fluorescence Spectra. Since fluorescence spectra are more
sensitive than absorbance spectra to environmental change,
steady-state fluorescence spectra (Figure S14) of the hydro-
gelators in dilute (107 M) aqueous solutions were recorded at
both pH 7 and 2. The spectra exhibit a strong emission band at
Amax ~ 315 nm. The fluorescence spectra of two representative
gelators Fmoc-Val-Car and Fmoc-Phe-Car were also recorded
at higher concentrations in solution as well as in the gel state at
both pH 7 and 2 (Figure S1S5). Increasing the gelator
concentration results in a decrease of fluorescence intensity
(due to high absorption of radiation near the cuvette surface or
due to concentration quenching), along with a red shift of the
emission maximum relative to dilute solutions. The red shift of
the A, was largest in the gel state (337 nm), which is
consistent with the absorption results, confirming strong 7—7n
stacking interactions among fluorenyl groups at higher
concentrations. For both gelators, the extent of red shift of
the emission band at pH 7 (20 nm for Fmoc-Phe-Car) was
greater than that at pH 2 (15 nm for Fmoc-Val-Car and 13 nm
for Fmoc-Phe-Car). This indeed suggests that the degree of
m— stacking interaction is stronger at pH 7 than that at pH 2.
In addition to the short-wavelength fluorescence, the hydrogels
of Fmoc-Phe-Car at pH 7 also exhibit a broad and weak
emission band at ca. 455 nm (shown as inset of Figure S15)
which results from extensive J-type aggregation of molecules
through 77— stacking interactions of either phenyl rings and/or
Fmoc groups.35

3.4. Supramolecular Chirality. To envisage the backbone
orientation of the peptides in the hydrogels and presence of
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chirality associated with self-association, CD spectroscopy is a
useful tool and has been employed in the present study also.
The molecular CD spectra of all the samples were recorded in
the solution state at a gelator concentration equal to 1 X 107*
M at which no significant self-association takes place (see SI)
and also in the self-assembled hydrogel state (Figure 2). The
CD spectra of the dilute solutions are presented in Figure S16.
For comparison purposes, the CD spectrum of Car in
phosphate buffer (pH 7) is also included in Figure S16. The
corresponding HT (high tension voltage) data are presented in
Figure S17 and Figure S18. As observed for Car, there are two
positive CD bands at ca. 217 and 200 nm which correspond to
the 7—n* electronic transitions of the imidazole moiety and
peptide bond, respectively. Similar positive CD bands were also
observed with the gelators in their solution state. The results
show that the gelators at pH 2 and 7 have either weak or no
CD bands in the wavelength range between 240 and 320 nm,
corresponding to the absorbance spectrum of Fmoc chromo-
phore. In order to monitor the self-assembly process leading to
supramolecular gelation, concentration-dependent CD spectra
(Figure 2a) of Fmoc-Phe-Car, as a representative example, were
measured at pH 7. As can be seen at [gelator] > § X 107* M,
weak CD bands appear in the 240—320 nm regions. Further,
the short wavelength band at 212 nm is observed to shift
toward longer wavelengths in consistence with the UV-—vis
absorption spectra (Figure S13), indicating formation of J-
aggregates. This is further supported by the results of
fluorescence studies described above.

The CD spectra in the gel state of Fmoc-Val-Car, Fmoc-Leu-
Car, and Fmoc-Phe-Car, as representative examples, are shown
in Figure 2b. While Fmoc-Leu-Car and Fmoc-Val-Car hydro-
gels at pH 2 exhibit positive CD in the wavelength region 225—
320 nm, the Fmoc-Phe-Car hydrogel at both pH 2 and 7
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exhibits negative CD bands. Since only weak or no molecular
CD is observed in the wavelength region 225—320 nm, the
ellipticity in this range must arise from self-assembly formation
in which fluorenyl groups are stacked face-to-face and
suggests superhelical arrangements of the peptide molecules
during self-assembly formation.*® It is important to note that
along with an increase of ellipticity the molecular CD band
(Figure S16) of Fmoc-Val-Car is red-shifted from 217 to 225
nm in the gel state of the tripeptide, indicating face-to-face
stacking of the fluorenyl groups in the J-aggregates. Like Fmoc-
Phe-Car, Fmoc-Tyr-Car also showed negative CD bands in the
gel state. It is very important to note that this type of inversion
is observed only with hydrogelators having phenyl group in the
Fmoc-protected tripeptides. The inversion can be attributed to
the change in the helical chirality of the fibrils relative to those
observed with the other hydrogels.””**

To further demonstrate the existence of helical aggregates in
the gel state of the Fmoc-tripeptides, variable temperature CD
spectra of the Fmoc-Val-Car and Fmoc-Phe-Car hydrogels were
recorded. The results are presented in Figure 2 (panels c and
d), which show progressive decrease of peak intensity on rising
temperature with no CD signal above 225 nm at the highest
temperature (75 °C). Thus, it is established that supra-
molecular structures leading to hydrogelation are largely
temperature sensitive, and despite higher concentration, the
sample did not exhibit any CD signal at higher temperature (75
°C), implying failure to produce any supramolecular chirality in
dilute solution

3.5. Rheology of Hydrogels. In addition to visual
observation of hydrogel formation by the tripeptides,
rheological measurements were performed to confirm gelation
and compare the mechanical strengths of different 3D network
structures. All measurements were carried out at a [gelator]
equal to their respective CGC value, and the results are shown
in Figure S19 and Figure S20. The frequency (f) sweep
measurements of all the hydrogels (Figure S19) indicate the
storage modulus (G’) and loss modulus (G”) remained nearly
independent of f and G’ > G” over the experimental frequency
range, suggesting formation of viscoelastic, soft solid-like gel
material. In order to compare the rheological properties of the
hydrogels, the rheological data including G’ and G”/G’ values
are summarized in Table 2. Apparently, the rigidity of the

Table 2. Rheological Parameters of Different Hydrogels at
Different pHs at 25 °C

Hydrogelators pH G’ (Pa) G"/G’ 0,(Pa) + 3 Pa
Fmoc-Val-Car 2 85 0.15 6
Fmoc-Leu-Car 2 1090 0.15 10
Fmoc-Met-Car 2 753 0.23 38

7 31 0.39 8
Fmoc-Phe-Car 2 1143 0.14 107

7 9300 0.21 747
Fmoc-Ile-Car - 5200 0.14 108
Fmoc-Tyr-Car 8 10 0.11 8

hydrogels can be correlated from the frequency sweep
experiment. In fact, the magnitude of G' denotes rigidity of
the gel. The data suggest that Fmoc-Phe-Car hydrogels have
the largest G’ (>10* Pa) values compared to Fmoc-Tyr-Car.
Fmoc-Ile-Car hydrogel also appeared with a very high G” value
(>10* Pa).

The gel deformation study as a function of shear stress (o)
was performed to determine the mechanical stability of the
hydrogels against stress. The data are presented in Figure S20.
It is observed that after a certain stress value, the gel structure
collapsed which defines the yield stress (c,) value. The 6, values
for different hydrogels are listed in Table 2. It is evident that
Fmoc-Phe-Car hydrogel at pH 7 possessed the highest o, value
and hence is the most stable. On the other hand, the Fmoc-
Met-Car hydrogel appeared as the least stable. This can be
attributed to the additional z—x stacking interaction between
adjacent phenyl rings, which is responsible for the increase of
aspect ratio and hence greater entanglement of the fibers.
However, it is important to note that although the gelation
ability of Fmoc-Phe-Car is shown to be highest at pH 2 (with
least CGC value), yet the mechanical stability of the hydrogel at
pH 7 was observed to be highest. This is due to higher aspect
ratio of the fibers at pH 7 in comparison to that at pH 2. This is
reflected in the steady-state fluorescence spectra (Figure S15)
of Fmoc-Phe-Car hydrogel at pH 7, which is more red-shifted
(20 nm) relative to the solution spectrum in comparison to that
at pH 2 (13 nm). This means 7—x stacking is facilitated more
in pH 7 than in pH 2. Indeed the Fmoc-Phe-Car hydrogel at
pH 7 exhibits an additional broad and weak emission band at
ca. 455 nm; results indicative of extensive J-type aggregation of
molecules through 7—n stacking interaction of either the
phenyl ring and/or the Fmoc groups. However, no such broad
emission peak was observed for the hydrogel at pH 2. The
enhanced 7m—7 stacking interaction in the gel state at pH 7 is
also indicated by the difference in T, values at different pHs
(see Table 1).

The results of amplitude and frequency sweep measurements
also reflect the effect of hydrophobicity of the side chain of the
Fmoc-L-amino acid residue of the tripeptides. The hydrogels of
gelators (e.g, Fmoc-Met-Car and Fmoc-Tyr-Car) with
relatively less hydrophobic amino acid residue can be deformed
easier than those with more hydrophobic residue. Owing to the
presence of additional 7— stacking interaction, the Fmoc-Phe-
Car hydrogels emerged as the most stable. A similar conclusion
has also been drawn by others for gelators containing aromatic
moieties.”® The mechanical stability of the hydrogels is also
consistent with the thermal stability. This could be explained by
the fact that the cross-linked fibers produced by less
hydrophobic residues were easy to deform either thermally or
mechanically by inhibiting strong fibril—fibril interaction.

3.6. Driving Forces for Gelation. FTIR Spectra. FTIR
spectroscopy was used to probe the intermolecular interactions
responsible for hydrogelation. The results are presented in
Figure S21, and the spectral data are collected in Table S2. In
the solid state, the peptides Fmoc-Phe-Car and Fmoc-Leu-Car
displayed two peaks at 3405 cm™'and 3297 cm™' for Fmoc-
Leu-Car whereas 3400 and 3298 c¢m™! for Fmoc-Phe-Car,
corresponding to stretching vibrations for O—H of carboxylic
acid and N—H of amide group, respectively. In the xerogel state
(pH 7), the amalgamation of these two peaks produced a broad
peak at 3428 cm™" for Fmoc-Leu-Car and 3422 cm™ for Fmoc-
Phe-Car, suggesting the participation of these bonds into
hydrogel formation through H-bond formation. Two noticeable
peaks at 1686 and 1647 cm™" were also observed for the Fmoc-
Phe-Car peptide in the solid state, which denotes carbonyl
(C=0) stretching vibrations of acid and amide, respectively.
In the xerogel state, broadening of the peaks with shifting to
lower frequency region at 1639 cm™' established the H-
bonding between amide and acid groups during self-assembly
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Figure 3. HPLC traces of the tripeptide Fmoc-Phe-Car after 0 and 24 h with proteinase K enzyme in HEPES buffer of pH 7.4.

formation. Moreover, the peak corresponding to N—H bending
at 1541 cm™' of Fmoc-Phe-Car in solid state almost
disappeared in the xerogel state, which further supports the
H-bond formation during self-assembly formation. A similar
observation was also made with Fmoc-Leu-Car peptide in the
gel state. Likewise, peptide Fmoc-Phe-Car in the solid state and
in the xerogel state behaves in the similar fashion. A
considerable shift of the O—H and N—H stretching vibrations
(from 3400 to 3409 and 3317 to 3327 cm ™, respectively) to
higher frequency was observed in going from the solid to the
xerogel state. A broad peak at 1637 cm ™' corresponding to C=
O of the amide group was present in the xerogel state. Spectral
shifts along with the broadening of peaks in the xerogel state
compared to the solid state clearly confirmed participation of
these groups in the H-bond network formation during gelation.
Further the broad peak at 1637 cm™' is indicative of an
antiparallel B-sheet arrangement of the gelator molecules in the
gel state.”

Wide Angle X-ray Diffraction Studies. WAXD is also a
useful technique to observe molecular packing in the self-
assembled state. For this, xerogels of Fmoc-Phe-Car, Fmoc-
Leu-Car, and Fmoc-Val-Car at pHs 2 and 7 were prepared and
WAXD measurements were performed with these samples. The
results are shown in Figure S22, and the corresponding data are
listed in Table S3. Hydrogel of Fmoc-Val-Car at pH 2 indicates
the presence of two characteristic peaks at 20 = 8.06° (d =
10.96 A) and 20 = 19.53° (d = 4.55 A), which confirm presence
of antiparallel S-sheet-like organization of the gelator molecules
in the gel state."” The peak with d-spacing of 4.55 A (20 =
19.53°) implies the distance between the f-strands, and the
peak at 20 = 8.06° (d = 10.96 A) suggests the distance between
two f-sheets."’ Moreover, the 7—7 stacking arrangement can
be confirmed from the characteristic peak at 20 = 23.5° (d = 3.8
A).>' The WAXD spectra of Fmoc-Phe-Car at pH 2 and at pH
7 were also recorded, which show a similar type of diffraction
pattern in the gel state. The characteristic peaks for 7—xn
stacking interaction are retained in the spectra of all the gelators

employed, suggesting role of 7—7 stacking interaction during
self-assembly formation. However, it is important to note that
the gelation mechanism, that is, the organization of the gelator
molecules during gel formation, does not necessarily change
with changing pH of the medium, since both the WAXD
spectra of Fmoc-Phe-Car at pH 2 and pH 7 reveal similar types
of peaks at the same position. This illustrates that the molecules
prefer to orient in antiparalle]l f-sheet-type arrangement
irrespective of pH of the medium.

3.7. Proteolytic Stability. As all the tripeptides contain
one f-amino acid in their peptide sequence, hence it is expected
that they might show resistance toward proteolysis upon
treatment with proteolytic enzymes, such as proteinase K. To
examine the proteolytic effect, tripeptides (1 mg/mL) were
incubated in HEPES buffer (100 mM, pH 7.4) for 24 h in the
presence of proteinase K at 37 °C. Then the respective control
and incubated solutions were analyzed by HPLC. A
representative chromatogram for the proteolysis of Fmoc-
Phe-Car is shown in Figure 3. The results of other tripeptides
are summarized in Figure S23. It is observed that after 24 h,
there is no shift of the peak position but the peak area suffered
only 22—27% reduction, suggesting only a minimum
degradation of the tripeptides at physiological temperature
and pH.*” This suggests that the tripeptides are stable against
proteolytic degradation, in vitro.

4. CONCLUSIONS

In summary, we have designed and developed seven Fmoc-
tripeptide hydrogelators from L-carnosine by covalently linking
different Fmoc-L-amino acids covering a range of side-chain
hydrophobicities. These Fmoc-tripeptides show pH-sensitive
hydrogelation in aqueous buffers at a relatively low
concentration (<1% w/v), and their gelation abilities were
observed to depend on the hydrophobicity of the side chain
moiety of the Fmoc-L-amino acid residue. In contrast to
previous reports,”” the present study demonstrates that the L-
phenylalanine-containing Fmoc-tripeptide exhibits highest
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gelation ability among the amino acid residues examined. We
associate this observation with the additional 7—x stacking
interaction provided by the phenyl group. Although the same
type of associative interaction is expected for the tyrosine
residue, the gelation ability of the tyrosine-appended tripeptide
was less as a result of strong intermolecular H-bonding
interaction through the phenolic —OH group. Indeed, it has
been shown by others also that although H-bonding
interactions are known to enhance gelation ability, strong H-
bonding reduces gelation ability of molecules.”” Except in the
case of Fmoc-Phe-Car, the efliciencies of hydrogelation
followed the degrees of hydrophobicity of the side chain of
Fmoc-protected a-amino acid. The Fmoc group was found to
be important for hydrogelation. The Fmoc group played a
major role in the formation of J-aggregates, the 1D growth of
which produced fibrils of high aspect ratio. During self-
assembly formation, the gelator molecules organize in an
antiparallel S-sheet arrangement. The lamellar fibers thus
formed undergo twisting to produce helical structures as
indicated by CD spectra of the hydrogels of Fmoc-Val-Car,
Fmoc-Leu-Car, and Fmoc-Phe-Car at both acidic and neutral
pH. It is important to note that Fmoc-Phe-Car and Fmoc-Tyr-
Car formed helical aggregates with handedness opposite that of
the Fmoc-Val-Car and Fmoc-Leu-Car tripeptides. The Fmoc-
Phe-Car and Fmoc-Ile-Car peptides were found to produce
stronger hydrogels (G’ > 10* Pa) compared to other Fmoc-
protected dipeptides reported in the literature.””'> It is
important to note that the mechanical strength of the hydrogels
can be tuned by changing pH. Although it has been reported
that gels can be prepared from dipeptide-gelators by salt
addition, in the cases of Fmoc-tripeptides addition of salt was
observed to cause precipitation of the gelator at room
temperature. However, these hydrogelators were found to be
proteolytically stable under physiological condition. As the
hydrogels are thermally, mechanically, and proteolytically stable
under physiological conditions, they can have potential use in
biomedical applications.
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