Amphiphilic peptide-based
supramolecular, noncytotoxic, stimuliresponsive hydrogels with antibacterial
activity
Article
Accepted Version

Nandi, N., Gayen, K., Ghosh, S., Bhunia, D., Kirkham, S., Sen,
S. K., Ghosh, S., Hamley, I. W. and Banerjee, A. (2017)
Amphiphilic peptide-based supramolecular, noncytotoxic,
stimuli-responsive hydrogels with antibacterial activity.
Biomacromolecules, 18 (11). pp. 3621-3629. ISSN 1525-7797
doi: https://doi.org/10.1021/acs.biomac.7b01006 Available at
http://centaur.reading.ac.uk/73553/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing .
To link to this article DOI: http://dx.doi.org/10.1021/acs.biomac.7b01006
Publisher: American Chemical Society

All outputs in CentAUR are protected by Intellectual Property Rights law,
including copyright law. Copyright and IPR is retained by the creators or other
copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement .

www.reading.ac.uk/centaur
CentAUR
Central Archive at the University of Reading
Reading’s research outputs online

Amphiphilic Peptide-based Supramolecular,
Non-Cytotoxic Stimuli-responsive Hydrogels
with Antibacterial Activity
NibeditaNandi,†KousikGayen,†Sandip Ghosh,‡DebmalyaBhunia,§Steven Kirkham,#Sukanta
Kumar Sen,‡Surajit Ghosh,§ Ian W Hamley# and Arindam Banerjee*,†
†

Department of Biological Chemistry, Indian Association for the Cultivation of Science, Jadavpur,

Kolkata-700032, India. Fax: (+91)332473-2805. E-mail: bcab@iacs.res.in
‡

Department of Botany, Siksha-Bhavana, Visva-Bharati, Santiniketan-731235, India.

§

Organic and Medicinal Chemistry Division, CSIR-Indian Institute of Chemical Biology, Jadavpur,

Kolkata-700032, India.
#

Department of Chemistry, University of Reading, Whitenights, Reading, RG6, 6AD, UK.

ABSTRACT
A series of peptides with a long fatty acyl chain covalently attached to the C-terminal part
and a free amine (–NH2) group at the N-terminus have been designed, so that these molecules
can be assembled in aqueous medium by using various non-covalent interactions. Five
different peptide amphiphiles with a general chemical formula [H2N-(CH2)nCONH-PheCONHC12(n=1-5,C12= dodecylamine)] have been synthesized, characterized and examined
for self-assembly and hydrogelation. All of these molecules [P1 (n= 1), P2 (n= 2), P3 (n= 3),
P4 (n= 4), P5 (n= 5)] form thermo-responsive hydrogels in water (pH 6.6)with nano1

fibrillarnetwork structure. Interestingly, the hydrogels obtained from compound P4 and P5
exhibit potential anti-microbial activity against Gram positive bacteria (Staphylococcus
aureus, Bacillus subtilis) and Gram negative bacteria (Escherichia coli). Dose dependent
cell-viability studies using MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) by taking human lung carcinoma (A549) cells vividly demonstrates the noncytotoxic nature of these gelator molecules in vitro. Haemolytic studies show non-significant
or little haemolysis of human erythrocyte cells at minimum inhibitory concentration (MIC) of
these tested bacteria. Interestingly, it has been found that these antibacterial non-cytotoxic
hydrogels exhibit proteolytic resistance towards the enzymes proteinase K and chymotrypsin.
Moreover, the gel strength and gel recovery time have been successfully modulated by
varying the alkyl chain length of the N-terminally located amino acid residues. Similarly, the
thermal stability of these hydrogels has been nicely tuned by altering the alkyl chain length of
the N-terminally located amino acid residues. In the era of antibiotic resistant strain of
bacteria, the discovery of this new class of peptide-based antibacterial, proteolytically stable,
injectable and non-cytotoxic soft-materials hold future promise for the development of new
antibiotics.

INTRODUCTION
The aggregation and network formation of low molecular weight gelators(LMWGs)1-5has
become one of the most expanding areas in current research. Supramolecular hydrogels6-11are
constructed through the self-assembly of individual molecules by using various non-covalent
interactions including hydrogen bonding, π–π interactions, van der Waals interactions,
hydrophobic interactions and others to form a micro-/ nano- network structure with a lot of
cavities inside, and under suitable conditions water molecules are immobilized within the
network structure to form hydrogels. Peptide-based hydrogels12-17attract particular attention
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not only due to their capacity to form hydrogels via various non-covalent interactions through
molecular self-assembly, but also owing to their special characteristics including biofunctionality. They have wide-spread applications in sustained release of drugs andimportant
biomolecules,18-22 cell culture,23,24 tissueengineering,25-29 pollutant removal from wastewater,30,31 oil spill recovery,32,33 wound healing,34 as well as being effective antimicrobial
agents35. Most of these supramolecular gels are endowed with stimuli responsiveness that
allows them to be used as a carrier of drugs

36

that can be released in response to an external

stimulus like pH, heat, light, mechanical stress or others. Though there are many examples of
thermo-,37 photo-37 and chemo-responsiveness38 of peptide based gels, the making of a
mechano-responsive peptide-based hydrogel still remains a challenging task.39 The hydrogel
which exhibits ‘thixotropy’,40,41 i. e., shear-thinning property is of particularly importance for
industrial and bio-medical applications,42 as by applying mechanical stress or strain the
systemundergoes gel-to-sol transition, but immediately recovers backinto gel state on
removal of the stress.Rheological properties are particularly important for designing
injectable scaffolds because the stiffness and recoveryof the gel network scaffold regulates
the injected system to remain localized in a well-defined approach.One of the major
challenges in this field is to modulate the rheological properties along with thixotropic
properties of the hydrogels.43-47 This is because different injectable therapeutic approaches
require hydrogels with different rigidity to minimize unwanted leakage and flow of the
injected fluid.42
The increasing prevalence of bacterial strains which are completely resistant to conventional
antibiotics present today possesses a great threat in modern society.35 There is thus a crying
need for new types of antibiotics to combat different types of bacteria.Several silver nanoparticle embedded antibacterial hydrogels are reported in the literature so far.48-50 However,
these types of gels have several side effects like pigmentation of skin oreyes, oxidative DNA
3

damage or inflammation.51 Other conventional methods likedelivery of antimicrobials loaded
into or covalently attached to soft biomaterials often suffer from their limitations of either
burst release or reduced activity of these antimicrobials.52The biocompatible nature of
supramolecular peptide-based gels make them a convenient starting platform to selectively
develop potent antimicrobial agents.34,53,54Several antibacterial agents based on polycationic
peptide containing lysine or arginine residues are also well-known.55,56Cationic and
hydrophobic residuecontaining amphiphilic peptides can be used as the molecular building
blocks for antimicrobial functional supramolecular hydrogels, as they can mimic the structure
of natural antimicrobial peptides.52In this context, short peptide-based amphiphiles have
become increasingly attractive in the development of peptide therapeutics. This is because
these peptide amphiphiles can beeasily synthesized with fewer steps and relatively low cost
associated with their synthesis. The study of free N-terminal short peptide based amphiphiles
that exhibit interesting functional properties is relatively rare.57 Keeping this in mind and the
rising demand of peptide-based antibacterial agents, we have designed a new class of simple
and synthetic peptide-based amphiphile without lysine or arginine residuesA series of
peptides

with

a

5,C12=dodecylamine)]

common
have

been

formula
synthesized,

[H2N-(CH2)nCONH-Phe-CONHC12(n=1well-characterized

and

studied

for

hydrogelation and for potential antibacterial activity.Figure 1 illustrates the chemical
structures of these gelator molecules (P1, P2, P3, P4 and P5).An attempt has been made to
investigate systematically whether the increase in the alkyl chain length of these peptidebased gelator molecules can alter their self-assembly and gelation behaviour and also to
examine the dependency of thermal and mechanical properties of these gels on the increase of
the number of –CH2 units in this series of hydrogelators.The structural change associated with
an increment in alkyl chain length of the N-terminally located amino acid residue can affect
the supramolecular organization of these gelator peptides and their affinity towards bacterial
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membranes.52The cationic charge density over the nano-fibrils and the improved rigidity of
the hydrogels through the simple variation of structural domaincan provide a mechanical
support to the gel fibers to direct their adherence towards bacteria and it may boost up the
antimicrobial activity.52All of these hydrogelators were studied for antibacterial activity and
interestingly, among all gelators in the series only the gel obtained from the longer alkyl
chain containing gelators (P4 and P5 in the Figure 1) than the other gelator analogues exhibit
potential antibacterial activityagainst Gram positive (Staphylococcus aureusand Bacillus
subtilis) as well as Gram negative (Escherichia coli) bacteria.Both of these hydrogels also
show negligible lytic effect against human erythrocytes.Furthermore, these hydrogels show
significant stability towards proteolytic enzymes present inside the cells, thus enhancing the
hydrogel’s applicability for practical purposes in future.These gels also exhibit an excellent
bio-compatibility with no significant cytotoxicity towards human lung carcinoma (A549)
cells indicating the probable use of this new type of peptide-based amphiphiles as next
generation antibiotics.

EXPERIMENTAL SECTION
L-Phenyl alanine (L-Phe), L-Glycine (L-Gly), β-Alanine (β-Ala), γ-amino butyric acid (γAba), δ-amino valeric acid (δ-Ava), 6-amino caproic acid (Acp)and 7-amino heptanoic acid
(Ahp) were purchased from Aldrich. Dodecylamine (C12), 1- hydroxybenzotriazole (HOBt),
N, N'-dicyclohexylcarbodiimide (DCC) and all solvents were purchased from SRL, India.
Details of the synthetic procedures of gelator peptide, instrumentation details and
spectroscopic analysis are given in the Supporting Information.
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RESULTS AND DISCUSSION
Gelation Study:
A series of structurally related peptide-based molecules with free N-termini with a common
formula [H2N-(CH2)nCONH-Phe-CONHC12 (n= 1-5, C12= dodecylamine)] have been
synthesized and studied for their respective self-assembly and gelation in aqueous medium
(ultrapure water, pH = 6.6). All these peptide amphiphiles have been found to form
hydrogels. All these gelator molecules share a common motif – a phenylalanine (Phe-)
residue, an amino acid residue at the N-terminal site (without any protection) and a Cterminus blocked with a long alkyl chain (Figure 1). They contain a polar amine group at the
N-terminus, intervening hydrogen bonding motif CO-NH and hydrophobic Phe- residue at
the side chain as well as C-terminally located long chain alkyl amine.The purpose of
incorporating Phe-residue is to promote self-assembly and gelation using π-π interaction and
hydrophobic interaction.19These new type of peptide-based amphiphiles self-assemble in
aqueous medium and under suitable conditions they form gels. Figure 1a represents the
common structure of the five gelator molecules in the series which contain N-terminally
located amino acid residues, varying from glycine to β-alanine to 4-aminobutyric acid, to 5aminovaleric acid to 6-aminocaproic acid residues accordingly.These peptide-based
molecules are termedP1, P2, P3, P4 and P5 respectively. All the five gelators were found to
form self-supporting hydrogels in ultrapure water (pH= 6.6) and the corresponding vials
pictures of these peptide-based hydrogels (3.65mM) are shown in Figure 1b. The peptide
gelator with higher ‘n’ value (n= 6, named as P6) did not form any gel under
similarconditions, but a translucent viscousaggregate was appeared(Figure S19).For
preparation of the hydrogels, 0.05mmol of each of the gelators were dissolved in 1400 μL of
ultrapure water in separate glass vials by heating on a hot plate, homogeneous solutions were
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obtained, then they were slowly cooled to room temperature (25 0C) and the respective
hydrogels were formed within a few minutes (Figure 1). All the hydrogels are thermoreversible in nature (Figure S20) and can be stored at room temperature for several months
without degradation. Gels obtained from gelator molecules P1, P2, P3, and P4 are
transparent in nature, while P5 forms a translucent hydrogel under similar conditions.
Interestingly, it has been observed that except for P1, the hydrogels (P2 to P5) are
thixotropic. These hydrogels can be the broken by simple shaking of the gel vials and the gel
phase reappears within several minutes. This shear-thinning feature of these hydrogels enable
them as injectable hydrogels and makes them attractive for systematic use in peptide
therapeutics.Figure S21 clearly indicates the injectable nature of the hydrogel (3.65 mM)
obtained from the gelator P4.The detailed mechano-responsiveness of the gels obtained from
P2 to P5 has been investigated thoroughly in the succeeding section of this paper
(Mechanical Stability and Thixotropic Property of Gels).
A survey of the gelation behaviours of the gelators has been summarized in Table 1. The
minimum gelation concentration (MGC) of the gelator P5, is the smallest of any of the
investigated hydrogels in this series. P2 molecule bears the highest MGC value in this series.
The MGC values decrease with increasing alkyl chain length of the gelator molecules starting
from P2 to P5. It is clear from the table that except hydrogel P1, all other hydrogels in this
series shows the following trend for the minimum gelation concentration (MGC)value:
P2>P3>P4>P5. Thus, the MGC value decreases with an increase in the alkyl chain length of
the gelator molecules from P2 to P5. However, the MGC value of the gel obtained from P1
shows an anomaly and for this case the MGC value is 0.83 % (w/v), which is higher than P5,
but lower than P2 to P4 gels. It was also observed that the peptide gelator with longest alkyl
chain (P5) in the series underwent gelation very slowly, and it required around 40 min to
form a stable gel (Table 1). While a decrease in the alkyl chain length in other peptide
7

variants causes a faster gelation rate for the other gels (from P2 to P4) in the series under
similar conditions (except for P1).The exact reason for the anomalous behaviour of P1 gel is
yet to be explored.

Figure 1. (a) The general molecular structure of the gelator peptides. (b)Pictures of vials
containing hydrogels of P1, P2, P3, P4 and P5 at 3.65 mM concentration.

Thermal Stability of Gels:
To evaluate the thermal stability, gel-to-sol transition temperatures (Tgel) of the hydrogels in
the serieswere measured(Table 1). It is evident that the gel melting temperature (Tgel) is the
lowest for the hydrogel obtained from P1 and the highest for P5 hydrogel, keeping the
concentration fixed in all cases. The thermal stability of the hydrogel is thus dependent on the
molecular structure of the gelator molecule and is related to the alkyl chain length of the Nterminally located amino acid residues. The Tgel value shows the following trend:
P5>P4>P3>P2>P1(Figure S22a). It can be envisaged that the P5 molecules may pack better

8

among themselves in the gel state than other gelator molecules in the series and this can be
due to the presence of more van der Waals interaction sites than other gelator molecules (P1
to P4). This can be because P5 has the most -CH2units in this series. The hydrogel P1 with
the N-terminally located Gly-residue has the least van der Waals interaction sites which may
cause it to have thelowestTgel value.
Morphological Study:
Field emission scanning microscopy (FE-SEM) was performed in order to examine the
nanoscale morphologies of the xerogels prepared from the corresponding hydrogels of the
peptide gelators (P1 to P5). FE-SEM images (Figure 2) of these xerogels showed the
formation of intertwined nano-fibrillar assemblies for all the hydrogel matrices. The images
revealed that the nanofibers obtained from the xerogels were approximately 200 nm to 250
nm in width and several micrometres in length. These fibres were entangled with each other
on large length scales to form a three dimensional nano-fibrillar gel network structure and
entrapping water molecules to form a hydrogel. The xerogels obtained from hydrogels P3, P4
and P5 gave a striking morphology that was completely different from hydrogels obtained
from P1 and P2. Careful inspection of FE-SEM images (Figure 2) revealed the formation of
an ordered array of nano-spheres fusing into nano-fibres for the gelators with longer alkyl
chain containing amino acid residues (P3, P4, P5) in the series.
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Figure 2.FE-SEM images of the xerogels obtained from(a) P1, (b) P2, (c) P3, (d) P4 and(e)
P5hydrogels.

Mechanical Stability and Thixotropic Property of Gels:
Rheological studies were performed to examine the visco-elastic behaviour, gel stiffness and
mechano-responsiveness of all the hydrogels. All rheological studies have been done for gels
P1 to P5 in similar concentrations (3.65mM) and similar conditions. It has been found that
that the modulus gradually increases with an increase in the alkyl chain length of the Nterminally located amino acid residues except for the hydrogel P1(Figure S23). The hydrogel
P1 showed exceptional behaviour regarding gel formation and mechanical rigidity. At an
angular frequency 1 rad/sec, a G′ value of 1.43×102 Pa was obtained for freshly prepared P1
hydrogel, and the gel was continued to stiffen (G′= 1.26 ×104 Pa) upon agingupto 7days
(Figure S24). Furthermore, hydrogel P1 does not show any mechano-responsive
behaviour.The mechanical strength of other hydrogels in this series show the following trend:
P5>P4>P3>P2(Figure S22b). The storage modulus for the freshly preparedP5 gel (2.7 ×102
Pa) indicates its higher mechanical strength compared to hydrogels obtained from P2, P3 and
P4. It is interesting to note that except P1, other hydrogels show thixotropic property, i. e.,
each of them are broken under the influence of mechanical shaking (stress/strain) and the gel
phase reappears in each case upon the withdrawal of the external strain within several
minutes. The mechanical strength (storage and loss modulus) and the gel recovery time after
the complete cessation of the destructive strain are listed in Table 1. One noteworthy feature
of this series of thixotropic gel is that the gel recovery time after the first cessation of large
amplitude strain follows the order: P5>P4>P3>P2(Figure 3). This data clearly indicates that
10

P5 gel has the highest mechanical strength and the gel recovery time can be successfully
modulated by increasing the alkyl chain length of the N-terminal residue. Both the
mechanical strength and gel recovery time can be controlled by the alkyl chain length of the
N-terminal residue. It is evident from Table 1 that both the gel recovery time and the gel
strength increases with in the number of –CH2 units of the N-terminally located amino acid
residues of the respective gelator molecules. An increase in alkyl chain length of N-terminal
amino acid probably enhances more van der Waals interactions among gelator peptides in
their respective gel states. This can serve as a factor for the increased gel stiffness with an
increase in alkyl chain length in this series of gelators.
(3.65 G′ (Pa)

MGC (% Gel

Tgel

(w/v))

mM) (°C)

formation

G″ (Pa)

Recovery time after
cessation

time (min)

amplitude

of

large
strain

(sec)
P1

0.83

15

48

143.7

16.8

-

P2

1.12

8

52

82.4

11.9

420

P3

0.99

10

58

99.3

13.7

480

P4

0.9

15

64

216.0

39.4

520

P5

0.77

40

68

272.2

46.8

680

Table 1. Comparison among gelation kinetics, thermal (gel melting temperature) and
rheological properties of the freshly prepared hydrogels P1, P2, P3, P4 and P5.The
concentration of hydrogels was 3.65 mM for all these cases. G′ and G″ values were measured
at a fixed angular frequency 1 rad/sec (at 25 0C).
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Figure 3: Time dependent step-strain rheological analysis of the thixotropic hydrogels (a)
P2, (b) P3, (c) P4 and (d) P5at 3.65 mM concentration at a fixed angular frequency of 1
rad/sec (at 25 0C).G′ remains higher than G″ before the application of shear and after the
complete removal of shear for each cases.
Structural Study:
Fourier transform infrared spectroscopic (FT-IR) studies have been carried out to obtain an
insight into non-covalent interactions among the self-assembling gelator molecules during the
gel formation. Figure S25shows the FTIR spectra of different xerogels obtained from gelator
peptides P1, P2, P3, P4 and P5. It is observed that two peaks corresponding to both nonhydrogen bonded and hydrogen bonded NH-stretching frequencies have been observed at
3457 cm-1 and 3297 cm-1 for all xerogels obtained from these hydrogels. However, the
intensity of the peak at 3457 cm-1 is more prominent for P4 and P5 gels than that of other
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hydrogelsandthe peak intensity at 3297 cm-1 is most intense for P1and P2than the other
hydrogels.The characteristic hydrogen bonded C=O stretching frequencies at 1640 cm1

isobserved in all cases and NH- bending (corresponding to hydrogen bonded) at 1544 cm-1

has also been seen for all five peptide based gels. The FTIR data revealed the presence of a
hydrogen bonded sheet-like structure in the gel state during the self-assembly.18
To gain insight about the molecular arrangement within the supramolecular network
structure, SAXS on gels and wide-angle powder XRD (WPXRD) of the xerogels obtained
from the hydrogels were carried out. From the small-angle X-ray scattering (SAXS) (Figure
4a) measurements for the wet gel, a peak appeared corresponding to a d value around 24 Å.
This value is higherthan the calculated molecular length (21.5 Å), but smaller than double the
calculated molecular length. Therefore, it can be assumed that the molecules stack among
themselves in an inter-digitated pattern during their self-assembly and a probable model is
illustrated in Figure 4c. The d value (around 26Å) obtained from the SAXS (Figure S26a) of
hydrogel P1 is also in good agreement with a probable stacking pattern similar to that of
P2.For the hydrogels P3, P4 and P5,the corresponding d values derived from SAXS were
around 19 Å, 24 Å and 16 Å (Figure S26b,c,d) respectively.In the WPXRD of the xerogels
obtained from the hydrogel P2 (Figure 4b), the peak corresponding to the d spacing of 3.82 Å
indicates the existence of π-π stacking among the gelator molecules in their self-assembled
state. The appearance of the peak corresponding to d= 4.45 Å suggests the presence of a βsheet-like structure. The WPXRD data derived from the xerogels obtained for the hydrogels
P1, P3, P4and P5 (Figure S27) are also well supported with the π-π stacking arrangement and
a sheet-like structure formation in their respective self-assembled gel state.
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Figure 4. (a) SAXS intensity profile obtained from P2 hydrogel shows a peak corresponding
to d= 24Å, which matches well with the calculated molecular length for packing of gelator
molecules in an interdigitated form.(b) WPXRD of the xerogel obtained from the hydrogel
P2. (c)A tentative model of the packing arrangement obtained from the stacking of the
peptide molecules of P2based on SAXS, WPXRD data.

Antibacterial Study:
It is interesting to notice that some of these gelator peptides exhibit potential antibacterial
properties. Another important point is that these peptides belong to a new class of peptide
antibiotics bearing a unique positive alike charge at the N-terminus without any lysine or
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arginine residues. Many of the peptide antibiotics bear either one or more lysine or arginine
residue or both of these residues to exhibit antibacterial properties.55,56There is a class of
antimicrobial cyclic peptide with alternating D- and L- residues with no cationic
residues.58Antimicrobial activity of the hydrogels (purified compound) were investigated
against pathogenic test bacteria of Gram positive (Bacillus subtilis and Staphylococcus
aureus) and Gram negative (Escherichia coli and Pseudomonas aeruginosa) using the agar
disc-diffusion method. The hydrogels P4 and P5 were found active against both Gram
positive (B. subtilis and S. aureus) and Gram negative bacteria (E. coli),while no antibacterial
activity was observed for the other hydrogels (P1, P2 and P3) even at concentration of
500μg/mL.Figure 5 shows that the samplesP4 and P5 are quite active against S. aureus and
E. coli but less active against B. subtilis. The inhibition zone was formed in the screening test
indicating the anti-bacterial activity of both the hydrogels (P4 and P5) against Gram-negative
bacteriaE. coli and Gram-positive bacteria S. aureus (Table 2). The hydrogel P4 also
produced a relatively smaller inhibition zone against Gram-positive bacteria B. subtilis. The
micro-dilution technique was used to determine minimum inhibitory concentration (MIC) for
the hydrogel. The MIC varies with the test organisms and it was found that the hydrogels P4
and P5 were quite effective against Gram-negative bacteriaE. coli and Gram-positive bacteria
S. aureus. The MIC value is around 50-100μg/mL for both the hydrogels against S. aureus.
The MIC value against E. coli was found around 100-200 μg/mL for both P4 and P5 gels.
MIC value ranged from 100-200μg/mL of P4 gel for B. subtilis. All the hydrogels were
ineffective

against

Gram-negativebacteria

Pseudomonas

aeruginosa

even

upto

a

concentration of 500 μg/mL.
It is apparent from the antibacterial studies that these types of peptide-based amphiphile gels
are more effective against Gram-positive bacteria (S. aureus, B. subtilis) than Gram-negative
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bacteria (E. coli), as the gelator peptide is effective against Gram negative bacteria only in
higher concentration.

Figure 5. Effect of hydrogel on Gram-negative and Gram-positive bacteria by agar-diffusion
assay method: various bacteria (a)Staphylococcus aureus, (b) Bacillus subtilis, (c)
Escherichia coliand (d)Pseudomonas aeruginosa were spread on an Agar plate.The
concentration of the hydrogels was 500 μg/mL for all case.

P4

P5

Zone of inhibition

MIC

diameter
Staphylococcus aureus

Zone of inhibition

MIC

diameter

21 mm

50-100μg/ml

16

26 mm

50-100μg/ml

Bacillus subtilis

17 mm

100-200μg/ml

-

100-200μg/ml

Escherichia coli

24 mm

100-200μg/ml

21 mm

100-200μg/ml

-

-

-

-

Pseudomonas aeruginosa

Table 2. List of bacterial inhibition zone (diameter) (by disc-diffusion method using hydrogel
at 0.5% (w/v) concentration) and minimum inhibitory concentration by P4 and P5 hydrogels
on Gram negative and Gram positive bacteria. The concentration of the hydrogels was 500
μg/mL for all case.
Proteolytic Stability:
The peptide gelatorsP4 and P5 contain both a non-proteinogenic residue, at the N-terminus of
the molecules and a proteinogenic alpha amino acid (Phe) residue. Due to the absence of
peptide linkage between two alpha proteinogenic amino acid residues,53 these peptide
gelators are expected to show resistance towards proteolysis with proteolytic enzymes,
proteinase K and chymotrypsin. To study the proteolytic stability, the peptide gelators were
incubated with proteinase K and chymotrypsin inHEPES buffer (pH 7.46) at physiological
temperature (37 °C). The enzymatic degradation of each peptide has been monitored at
different time intervals by using mass spectrometry. The result is summarized and presented
in Figure S28. No change in the mass spectral analysis of these gelator molecules was
observed during various time intervals upto 36 hr. It can be concluded that these gelator
peptides are proteolytically stable and have high biostability. Hence, the stability of these
gelator peptides make them applicable for use in real situations in near future.
Haemolytic Assay:
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It is important to find out whether these antibacterial gelator peptides exhibit any haemolytic
activity or not at different concentrations of the hydrogels (Figure 6). Interestingly, these
gelator peptides P4 and P5 do not exhibit any significant haemolysis at the minimum
inhibitory concentration (MIC) for S. aureus and they show a small amount of haemolysis at
the twice of the MIC for S. Aureus(Figure 6c, d). However, both of the gelator peptides show
a small amount of haemolysis (13% and 11.7%) at MIC for E. coli and B. subtilis. The dosedependent haemolysis of P4 and P5is summarized in Table 3. It can be said that both of these
gelator peptides are very effective for the bacteria S. aureus and even at four times the MIC
of S. aureus only about 40-44% haemolysis occurs (Figure 6a,b).The minimum haemolytic
concentration (MHC) for P4 and P5 hydrogels were found as40-50μg/ml and 30-40μg/ml
respectively (Figure S29).
These results from the antibacterial and haemolysis study are comparable to the previously
reported cationic antibacterial peptides.55,56However, the molecular structure of these cationic
peptide amphiphiles are different from previously reported antibacterial agents. This is
because these peptides neither contain lysine nor arginine residue, but, they have Nterminally located Gly- and its higher homologues (β-Alanine, 4-aminobutyric acid, 5aminovaleric acid and 6-aminocaproic acid) with a free N-terminal position and the Cterminus is blocked with a fatty acyl amine with an intervening peptide residue (Phe-). This
represents a new antibacterial motif.
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Figure 6. Dose−response plot for the haemolysis of human red blood cellsby hydrogels of (a)
P4 and (b)P5. Dose-response images for the haemolysis of human red blood cells by
hydrogel (c) P4 and (d) P5. ‘1’ denotes 50 μg/ml, ‘2’ denotes 100 μg/ml, ‘3’ denotes 200
μg/ml, ‘4’ denotes 500 μg/ml concentration of the hydrogels.

50μg/ml

100μg/ml 200μg/ml 500μg/ml

P4

1.9

13.4

16.2

39.6

P5

2.2

11.7

24.0

44.0

Table 3. Haemolysis assays (percentages) of P4 and P5 hydrogels at different concentrations
on human red blood cells.
Cell Viability Assay:
Cell proliferation assay was carried out usinghuman lung carcinoma, A549 by using yellow
coloured 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction into
purple formazon (Figure 7). First, A549 cells were seeded at a density of 10,000 cells per
well in a 96-well plate for twenty-four hours prior to treatment withhydrogelator. After that,
DMEM medium containing different concentrations (600 μM, 300 μM, 150 μM, 75 μM, 37.5
μM, 18.75 μM, 9.375 μM, 4.68 μM, 2.34 μM, 1.17μM and 0.58 μM) of hydrogelator
weretreated with the cells and kept for twenty-four hours (Figure 7a, c). Next, MTT solution
was added and the solutions were stored for four hours at 37 °C in an incubator. Finally, cell
viability was checked by absorbance study at 550 nm wave length.
19

Percentage cell viability = [A550 (treated cells)-background]/[A550(untreated cells)background] × 100.
Cell morphologies of A549 cells were checked after the hydrogelator treatment. Cells were
seeded on a confocal disk at a density of 5,000 per disk for twenty-four hours prior to
hydrogelator treatment. Then DMEM medium, containing two different concentrations (600
μM and 18.75 μM) of the compound was added and kept for twenty four hours at 37
°Cincubator (Figure 7c,d and S30b,c). One confocal disk remained untreated for the control
study (Figure S30a). Next, cellular morphologies were observed using an inverted
microscope (Olympus IX83 fluorescence microscope, at 40X objective) in DIC mode.
To check cytotoxicity of both the compounds, cell viability assay has been performed upto
600 µM. It has been observed thatno cytotoxicity has been observed in both the gel
compounds. Moreover, we have examined the morphology of cells at two different gelator
concentrations (600 μM and 18.75 μM) with respect to untreated. It has been observed that
A549 cellular morphology remains healthy and unaffected after treatment of two compounds
for 24 h.
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Figure 7.Cell viability of human lung carcinoma, A549cells after 24 hours treatment with
differentconcentrations of gel as calculated from the MTT assay. Scale bar corresponds to 20
µm.

CONCLUSION
In this study, a series of amphiphilic peptides have been discovered to form thermoresponsive hydrogels with a new structural motif containing a free amino group at the Nterminally located glycine/ ω-amino acid residues and a C-terminus blocked with a covalently
linked dodecylamine residue. Most of these peptide-based hydrogels exhibit a mechanoresponsive (thixotropic) property and this thixotropy as well as thermal stability of these
hydrogels have been successfully tuned by increasing the alkyl chain length of the Nterminally located amino acid residues. Two of these five peptide-based hydrogels exhibit
remarkable antibacterial activity against both Gram positive (Bacillus subtilis and
Staphylococcus aureus) and Gram negative (Escherichia coli) bacteria with a nonsignificant/minimum

haemolytic

activity

at

their

respective

minimum

inhibitory

concentration of different bacteria. An MTT cell viability assay exhibits no cytotoxicity of
these antibacterial peptide gelators. Moreover, these gels are proteolytically stable and
injectable in nature. This suggests that the discovery of this new type of peptide amphiphile
based hydrogels hold a future promise for the development of new soft materials as
antibiotics.
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