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Abstract. Peptide-amphiphile (PA)-based supramolecular thixotropic hydrogels are useful in medical sciences due to
multiple advantageous features along with its biocompatibility and biodegradability. In this work, we have developed a
self-assembled peptide-based hydrogel from a β-sheet forming short PA. Hydrogelation of the PA is controlled by pH and
consequent changes in secondary structures attained by the PA. Under acidic conditions, the PA remains in random coil
conformation. While increasing the pH to 9, a rapid transformation to anti-parallel β-sheet leads to a strong hydrogel.
Interestingly, the disulphide-linked dimer of the PA failed to attain such aggregation pattern. The pH-induced sol–gel–sol
transition can be achieved for several cycles without any change in aggregation pattern. The hydrogel was also found to
show thixotropic rheological behaviour and thus, it can be utilized as an injectable hydrogel for biomedical applications.
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1. Introduction
In recent years, search for supramolecular hydrogels with
thixotropic (or injectable) property has gained attention owing
to their possible application in localized drug delivery [1–3].
For a thixotropic hydrogel, when a shear stress is applied, the
gel turns into liquid and on removal of the stress, it returns
back to gel state in a time-dependent way [3,4]. Thixotropic
hydrogels are important class of soft-materials, which can be
loaded with drugs and easily injected inside the human body
on a particular organ where the gel can release the drug in a
sustained manner [4,5].
In this regard, supramolecular hydrogels prepared from the
peptides can be an effective way to create such kind of soft
materials [6,7]. Peptide-based hydrogels have been meticulously applied for various applications like, tissue engineering
[8,9], drug delivery [10,11], protein protection [12], nanofabrication [13,14], sensing [15,16] and so on. The availability
of different functional groups amongst the natural amino acids
allows to prepare peptide sequences with desired functional
groups. In addition, the presence of both hydrogen bond donor
and acceptor groups along with the sites for π –π stacking
and hydrophobic interactions make it feasible to construct
small peptide molecules with strong self-assembling propensity. Moreover, the possibility of adopting different secondary
structures by peptides provides opportunities to design nanoscale soft-materials which is not easily possible with organic
molecules and polymers.

Small peptide-based hydrogels are often designed based
on a specific secondary structure that may be formed by
the peptide during the aggregation process [17]. These secondary structures further proceed through hierarchical selfassembly processes to result into the gel network where
water molecules get cohesively trapped [6,17]. The selfassembly to the secondary structures are often initiated by the
appropriate stimuli like pH, ionic strength, light, etc. Among
the possible secondary conformations, β-sheet is the most
explored one towards constructing peptide-based hydrogels
[6].
Amphiphilic peptides, prepared from alternate hydrophobic and hydrophilic residues is a common approach to
construct β-sheet like assemblies which form hydrogel in a
concentration-dependent manner [18]. In this regard,
Schneider [19–24] introduced a β-hairpin forming peptideamphiphile series where Valine and Lysine residues are
placed in an alternate fashion and the two strands are connected through a type II β-turn sequence of D Pro–L Pro.
The self-aggregation of these 20-amino acid sequences can
be controlled through subtle changes in different parameters including ionic strength, pH, temperature, metal ions,
etc. However, we noticed that the alternate Valine–Lysine
sequence without the β-turn have not really been explored
to create hydrogels. We envisioned that a simple Valine–
Lysine stretch can also adopt β-sheet like secondary structure
and that may eventually results in the formation of hydrogel.
Since, Lys is the only hydrophilic residue, the self-assembly
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Scheme 1. (A) Chemical structure of PA-1 highlighting different segments of the same and (B)
graphical representation of the pH and secondary structure directed hydrogelation by PA-1 and photograph of the hydrogel (1 wt%, pH 9).

can easily be controlled by changing the pH of the medium.
Moreover, since the hydrogel formation is governed by
supramolecular hierarchical aggregation of the β-sheets, this
may also lead to thixotropic behaviour.
In this work, we report a small peptide (PA-1, scheme 1)
where a Cysteine residue is attached at the C-terminal to
a (VK)5 sequence using a spacer (γ -aminobutyric acid,
GABA). The presence of Lys residues can introduce the pH
responsive aggregation property, while the alternate Valine–
Lysine arrangement will result in β-sheet like secondary
structure formation. Introduction of the C-terminal residue
was made on purpose to find whether the disulphide linkage
between two peptide molecules could affect the aggregation
pattern. Cysteine forms disulphide bonds in basic pH or by
oxidation of dissolved oxygen in solvents [25,26]. This chemistry is widely observed in biological systems to stabilize
secondary and tertiary structures of protein. Our purpose of
incorporating cysteine at the C-terminal is to study the effect
of disulphide formation on the well-established β-sheet formation of the (VK)5 segment. Moreover, there might also
be a possible competition between the aggregation of PA-1
and the disulphide linkage processes. Notably, PA-1 could
form a thixotropic hydrogel in basic pH and the hydrogelation is governed by anti-parallel β-sheet formation. The pH
instructed hydrogel was found to be reversible and the pH
induced sol–gel transitions can be achieved for several cycles.
Moreover, under basic medium, the β-sheet aggregation was
found to be spontaneous and extremely fast, which does
not allow the disulphide bond formation between two Cys
residues. As expected, the hydrogel also showed thixotropic
behaviour.

2. Experimental
2.1 General
Resin, fluorenylmethoxycarbonyl (Fmoc)-protected amino
acids, coupling agent and N ,N -diisopropylethylamine
(DIPEA) were purchased from GL Biochem (China). All
other chemicals and solvents were procured from Spectrochem (India) and Fisher Scientific (India), respectively.
For sample preparations, Milli-Q water with a conductivity of <2 μS cm−1 was used. Electrospray ionization mass
spectroscopy (ESI-MS) was performed with a Q-Tof-Micro
quadrupole Mass Spectrometer (Micromass). Circular
dichroism (CD) experiments were performed on a Jasco
J-1500 spectropolarimeter. High performance liquid chromatography (HPLC) purifications were carried out on a
Dionex Ultimate 3000 HPLC using a Luna 5 μm (C18) column (Phenomenex). Nuclear magnetic resonance (NMR)
spectra were recorded with a Bruker Ascend 600 MHz
(Bruker, Coventry, UK) spectrometer. Fourier transform
infra-red (FTIR) spectra were recorded on a Nicolet iS10
Spectrometer. Field emission scanning electron microscope
(FESEM) was performed on Gemini SEM 300 (Sigma Zeiss).
Rheology experiments were performed using a rheometer
(Anton-Paar MCR 102).
2.2 Synthesis of PA-1
PA-1 was prepared using Rink amide 4-methylbenzhydryl
amine (MBHA) resin. Standard Fmoc solid phase peptide synthesis (SPPS) method was employed. For a standard coupling,

Bull. Mater. Sci.

(2020) 43:70

dimethylformamide (DMF) solutions of protected amino
acid (3 equiv.), N,N,N ,N -Tetramethyl-O-(1H-benzotriazol1-yl)uronium hexafluorophosphate (HBTU) (3 equiv.) and
DIPEA (6 equiv.) with respect to the loading of the resin
were added to the resin. The resin was shaken for 1 h
before washing with DMF several times. Fmoc-deprotection
was carried out using 20% piperidine followed by thorough washing with DMF and dichloromethane (DCM).
Then, proper elongation of the peptide was done at the Nterminal by repeating this procedure. Finally, the peptide
was cleaved from the resin using a mixture of trifluoroacetic
acid (TFA)/triethylsilane (TES)/water (8.5:1:0.5 v/v). The
cleaved peptide was then precipitated from cold dry ether,
washed and lyophilized before purifying on HPLC. Purification was done using an eluent of acetonitrile and water: 100%
H2 O to 20% ACN/H2 O (in 20 min), to 40% ACN/H2 O (in
30 min) and to 100% ACN/H2 O (in 35 min). The pure peptide eluted at a retention time of 20 min. The pure lyophilized
peptide was obtained in 70% yield. 1 H NMR (600 MHz, D2 O,
25°C) δ (ppm): 4.34 (dd, 1H), 4.28 (dd, 1H), 4.20–4.17 (m,
3H), 4.04 (d, 1H), 3.96–3.90 (m, 5H), 3.65 (d, 1H), 3.09 (t,
3H), 2.86–2.79 (m, 13H), 2.76–2.73 (m, 1H), 2.22 (td, 2H),
2.07–2.02 (m, 1H), 1.93–1.83 (m, 5H), 1.60 (dp, 28H), 1.34–
1.20 (m, 13H), 0.86 (t, 7H), 0.79 (td, 32H).
2.3 Hydrogel preparation
A 5 mg of PA-1 was dissolved in 450 μl of water and completely solubilized by gentle shaking. To this freshly prepared
solution, 40 μl of 2 M NaOH was added and tapped gently for
mixing. The resultant solution formed a transparent hydrogel
within few minutes. The pH of the system was noted as 9.
2.4 Infrared spectroscopy
Infrared spectroscopy (IR) experiments were performed in
solid and liquid states. For as-synthesized PA-1, the solid was
mixed with KBr to prepare a palette and the IR spectrum of the
palette was recorded. For liquid state analyses, 2 μl solution
or gel was casted in between CaF2 windows and analysed
after subtracting the baseline. Experiments were carried out
with 1 wt% samples.
2.5 CD spectroscopy
For CD experiments, 100 μM peptide solutions was prepared
in pure water or the desired buffer solutions. For the gel state, a
24 h matured gel was diluted in water to reach the appropriate
concentration of 100 μM and the CD spectra were measured.
2.6 Field emission scanning electron microscopy
A 10 μl of the respective sample solutions/gels were incubated
at room temperature for 24 h and casted on silicon wafers and
air-dried for at least 1 day. Images were taken on a GEMINI
SEM 300 (Sigma Zeiss) instrument.
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2.7 Rheology
The rheological measurements of the hydrogel were performed on a MCR 102 rheometer (AntonPaar) with a 20
mm parallel plate at 25°C. The linear viscoelastic region
(LVR) was identified first by a strain sweep test over a range
from 0.01 to 100% strain at a fixed oscillatory frequency of
1 rad s−1 . Next the oscillatory test (frequency sweep) was
carried out under a strain (γ ) of 0.1%.

3. Results and discussion
PA-1 was synthesized following SPPS protocol using Rink
amide MBHA resin. The peptide was obtained in 70% yield
after HPLC purification. To test the hydrogelation, 5 mg of
the peptide was weighed and dissolved in 500 μl pure water
by stirring. The solution was incubated at room temperature
for 24 h to allow disulphide formation. It remained as a clear
solution for a longer time. At different time intervals, the ESIMass of this solution was checked and the mass corresponding
to the dimer appeared for the first time after 30 min. Within
24 h, all PA-1 were found to be dimerized as no signal corresponding to PA-1 was obtained after this period. CD spectra of
this 24 h matured solution of PA-1 dimer showed no features
for a particular secondary structure and thus it can be concluded that the system possessed random coil conformation
(figure 1A) [27]. Increasing the pH of this solution by adding
base up to pH 11 did not change the conformation as well as
no hydrogel was formed (data not shown). Similarly, addition
of acid to lower the pH also could not produce any change.
However, when NaOH solution was added to a freshly prepared aqueous solution of PA-1 (where no dimer is present),
the solution turned into a self-supporting hydrogel within a
minute (figure 2 and supplementary video S1). Careful measurements showed that the hydrogel could be formed at a pH
as low as 9 with a minimum gelation concentration (MGC)
of 0.85 wt%.
CD spectroscopic analyses of the system in basic medium
showed a positive cotton effect at 195 nm followed by a
strong negative signal at 218 nm. These are characteristic
signals of β-sheet formation (figure 1A) [27]. Further, FTIR
analyses of the hydrogel showed two characteristic signals at
1636 and 1676 cm−1 (figure 1B) which correspond to β-sheet
[28–30]. The as-synthesized powdered peptide or the sample of PA-1 dimer showed two signals at 1628/1627 and
1687/1689 cm−1 (figure 1B) which confirms the random coil
arrangement as found from CD experiments (figure 1A).
Repeated and extensive analyses of the hydrogel by
ESI-MS and matrix-assisted laser desorption/ionization-mass
spectrometry (MALDI-MS) could not produce any trace of
the dimer. Even a 7-day matured hydrogel sample did not
show the presence of the dimer. The extremely fast gelation,
on increasing the pH and the fact that the dimer solution at
and above MGC failed to form the hydrogel suggest that under
basic medium, the conformational change and aggregation is a
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much faster process than the disulphide bond formation. Once
the molecules adopt anti-parallel β-sheet conformation and
self-assemble, the dynamic nature of the system get restricted
and the –SH groups of Cys residues could not come close to
form the disulphide linkage.
Next, response to the change in pH was recorded. It is worth
mentioning here that PA-1 failed to form any gel in the entire
acidic pH range. When 5 μl of 12 N HCl solution was placed
on top of a 2 wt% gel (500 μl, pH 9), the gel started melting
immediately and with little shaking, it became sol within 30 s
(supplementary video S2). To the same solution, addition of
40 μl of 2 M NaOH solution and gentle shaking results in the
reformation of the gel state within a minute. This gel–sol–gel
transition can be repeated for several cycles as long as the
concentration of PA-1 remains above MGC. With the higher
concentration of gel, the number of cycles can be increased.
In a separate set of experiments, the CD spectra of the
samples were measured after each transition (supplementary figure S4). For the acid-treated sol state, the CD spectra
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showed a negative band at ~200 nm and were very similar to
that obtained from aqueous solution of PA-1. It can be concluded that the solutions predominantly contained random
coil structures. For NaOH treated gel state, a small portion of
the gel was dissolved in deionized water (pH was maintained
above 9) and the CD spectra were recorded. In each case, the
characteristic peak for β-sheet at 218 nm were observed similar to that shown in figure 1B for pH 9. Though not shown,
overall pattern remained unaltered after every cycle for both
sol and gel states.
Further the morphology of a freshly prepared hydrogel of
1 wt% PA-1 was checked using FESEM. As can be seen from
figure 3A, bunches of needle-like aggregates were obtained
which are >1 μm long and an average diameter of ~200 nm.
In another test, the hydrogel (1 wt%) was prepared by dissolving PA-1 in 20 mM phosphate buffer (pH 9) to find any
change in the aggregation pattern that may happen owing to
the difference in preparation procedure. Importantly, as can
be seen from figure 3B, similar bunches of needles were also

Figure 2. Photographs of rhodamine B-loaded hydrogel and its
gel–sol–gel transitions induced by the addition of acid or base.

Figure 1. (A) CD spectra of PA-1 under various pH and (B) FTIR
spectra of as-synthesized PA-1, solution of its dimer and hydrogel
of PA-1.

Figure 3. FESEM images of PA-1 under various conditions.
(A) 1 wt% hydrogel of PA-1 prepared by dissolving it in water and
immediate addition of base, (B) 1 wt% hydrogel of PA-1 prepared
by dissolving it in 20 mM phosphate buffer at pH 9, (C) solution of
PA-1 at pH 3 and (D) sample from (A) after one cycle of gel–sol–gel
transition.
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Figure 5. Cyclic strain time sweep data for 1 wt% hydrogel of
PA-1 (pH 9) at room temperature.

Figure 4. (A) Frequency sweep and (B) amplitude sweep data for
1 wt% hydrogel of PA-1 (pH 9) at room temperature.

found in this case. Next, samples of the gel–sol transitions
were tested for morphology. As expected, no particular pattern or morphology could be seen in the acid treated sample
(figure 3C). When the same sample was treated with NaOH to
regenerate the gel state, the original needle-like morphology
was regenerated.
All these experimental results can be summarized to get
an insight on the hydrogelation mechanism. Owing to the
presence of five Lys residues, PA-1 remains highly soluble under neutral and acidic conditions. In this sol state, the
peptide amphiphile adopts no particular secondary structure
and remains in random coil conformation. This random coil
structures thus prevent the molecule towards any kind of selfassembly. On adding base, when pH of the system exceeds
the pKa value of Lys side chain amines, the amine groups get
deprotonated and the solubility decreases drastically. Under
this condition, PA-1 molecules immediately arrange themselves in an anti-parallel β-sheet conformation and these
β-sheets result in the formation of the hydrogel through higher

order aggregation as shown in scheme 1B. Importantly, the
self-aggregation into the β-sheet and hydrogelation is found
to be an extremely fast process in this particular case. Thus,
though a favourable pH is obtained for disulphide bond formation, the Cys residues could not be connected to form the
dimer of PA-1. The β-sheet formation presumably restricted
the –SH groups to come to close proximity and form the disulphide linkages. One interesting observation that needs to be
noted that the dimer of PA-1 failed to show any particular
secondary structure even at elevated pH. A probable reason
for this observation could be the presence of the GABA unit
which restricted the hairpin formation unlike the case reported
for D Pro–L Pro-linked similar sequence by Schneider et al
[21,23]. However, this result is unexpected and needs to be
analysed further in future.
As the hydrogelation process of PA-1 is understood,
we wanted to explore its material property. The gel–sol
transition temperature (Tg ) was measured using dropping ball
method. However, to our surprise, no particular Tg could be
observed. The hydrogel remained in gel state when heated
up to 85°C. Above this temperature, the water molecules
slowly evaporated to leave the xerogel. This particular feature is very uncommon amongst supramolecular hydrogels.
Further, detailed rheology study was performed. The rheological analyses of a 1 wt% hydrogel (pH 9) at room temperature
showed that the storage modulus (G  ) was considerably higher
than the loss modulus (G  ) over a range of applied frequencies
(figure 4A). The G  value obtained was in the range of 250 Pa
and the G  /G  ratio was ~10, which signifies strong gel character. When the % strain was varied at a particular frequency
(1 rad s−1 ), the G  remained higher than that of G up to 5%
and then they cross each other signifying the melting of the
hydrogel to sol (figure 4B). Based on these data, we assumed
that the hydrogel might have the thixotropic character [31,32].
Further, the thixotropic behaviour was checked for a 1 wt%
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when held vertically, no downward movement could be seen
from these drops (figure 6E and F). Thus, it can be concluded
that the presented hydrogel is thixotropic in nature and has
injectable property.
4. Conclusion
In summary, a peptide amphiphile with alternate hydrophobic–hydrophilic amino acid residues is reported. Under
neutral and acidic conditions, the peptide remain in random coil conformation and self-assemble quickly to form
anti-parallel β-sheet when the pH of the system is adjusted
above 9. The β-sheet arrangement further lead to hydrogelation through hierarchical self-assembly process. The pH and
secondary structure instructed hydrogelation is found to be a
reversible process with no loss/change in aggregation pattern
even after several cycles. The hydrogel showed strong rheological behaviour and is found to have thixotropic nature. The
hydrogel thus can be further explored as an injectable smart
soft material for drug-delivery purposes.
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Figure 6. Visual presentation of injectability of the PA-1 hydrogel.
(A) The hydrogel in a syringe, (B) injecting the hydrogel from (A),
(C) the injected sol in (B) and (D) the same sol within 10 s to form
hydrogel. Dropping of hydrogel from syringe on a glass-plate. (E)
Drop casting the hydrogel from (A) and (F) the drops turns into
hydrogel within 10 s.

hydrogel of PA-1 (pH 9). Cyclic strain time sweep experiment
was performed where strain was applied to break the hydrogel and when the applied strain was released, the hydrogel
recovered its initial mechanical strength and the mechanical strength is sustained even after 4 cyclic strain cycles
(figure 5).
These rheological behaviours prompted us to check the
injectability of the hydrogel. A rhodamine B loaded hydrogel
was prepared in a syringe (figure 6A) and when the plunger
was pressed slowly, the hydrogel came out easily as a liquid
(figure 6B and C). The sol turned into gel within 10 s as can
be seen from figure 6D. In another experiment, small drops of
the hydrogel was casted from the syringe on a glass plate and
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