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ABSTRACT. A histidine-containing peptide-based amphiphile (P1) forms a transparent hydrogel
within a pH range of 5.5 to 8.5 in phosphate buffer solution. Interestingly, thermal stability and
mechanical stiffness are modulated by incorporating different types of dicarboxylic acids into the
hydrogels. Inclusion of succinic acid with the molar ratio 2:1 (peptide: dicarboxylic acid) yields

improved properties compared to the other tested dicarboxylic acids like oxalic, malonic, glutaric
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and octanedioic acids. Transmission electron microscopic (TEM) images show the assembly of
nanospheres is responsible for the hydrogel obtained from the assembly of native peptide.
However, a morphological transformation takes place nanosphere to nanofibers, when the peptide
gels with succinic acid. XRD and FT-IR studies reveal interactions between peptide amphiphiles
and the acids are responsible for the formation of a two-component hydrogel. Gel stiffness is
enhanced considerably upon the addition of succinic acid to P1 with 2:1 molar ratio. The two
component gel consisting of peptide and succinic acid has been successfully used for three-
dimensional cell culture using mouse fibroblast cell line (NIH-3T3). This indicates future promise
for the application of such peptide-based gels as tunable biomaterials in cell culture and

regenerative medicine.
Introduction

Self-assembling small molecule soft materials have continued to create interest over the years, due
to their diverse applications'® and easy tunability.>” Usage of self-assembling peptides as
functional materials has numerous advantages, namely, low fabrication cost, good bio-
compatibility and control over functionality. Amphiphilic peptides are good candidates for self-
association to form gels under suitable conditions. Peptide hydrogels have been successfully used
in optoelectronic devices,® artificial catalysts,!* templated synthesis of nanoparticles,'?*3
synthesis of nanohybrids,'4® waste water management*’*® and oil spill recovery.?%? Current
improvement of bio-medical technology demands gel-like soft materials for efficient culture of
stem cells,?? therapeutics,?>?* immune modulation,?® in vitro diagnostics,?® wound healing,?"%°
creation of synthetic extracellular matrix, %3 anti-bacterial agents,*¢ drug delivery®®-*! and many
others.*? For such applications, gel-forming peptides have great potential, due to their inherently

biocompatible nature and low toxicity compared to conventional polymer-based materials.*®



Moreover, it is really challenging to tune the physical properties of covalent polymers, whereas
supramolecular assemblies are more flexible, and they are easily stabilized by various non-
covalent interactions including H-bonding, van der Waals interactions and n-n stacking. Design of
nanofibrous gel scaffolds is one of the key components in the field of regenerative medicine.**4
In a tissue system, the relation between the cells and the surrounding matrix plays a crucial role in
proliferation, differentiation and migration of the cells for tissue repair. Hydrogels are very
attractive biomaterials because they provide an excellent environment for cell growth and tissue
regeneration. This is due to their high oxygen and nutrient content and metabolite permeability
that is required for cell growth. Various research groups over the globe have designed and utilized
peptide-based hydrogels as cell culture scaffolds. Ulijn and co-workers have reported
fluorenylmethoxycarbony-protected peptide-based hydrogels for 3D culture of bovine
chondrocytes.*® Recently Tomasini and co-workers have developed a non-cytotoxic pseudo-
peptide based hydrogel that can be used for re-generative medicine.*® These peptides produce a
perfect environment upon assembly which mimics the extracellular matrix as a perfect platform
for the cell growth. Recently Langhans and co-workers have reported a series of g-hairpin gelator
peptides for 3D cell culture.® another important aspect of these hydrogels is that they are formed
by physical crosslinks rather than chemical ones, which make them responsive towards external
stimuli, for example, heat, light, pH, salt concentration and mechanical stress and strain.->3
Recently, Gazit and co-workers have reported a peptide based self-healing and conductive

hydrogel which supported the growth of electrogenic cells, cardiomyocytes.>*

In the context of cell culture, the mechanical properties of the matrix are important to realize cell
adhesion and proliferation. The extra cellular matrix is a dynamic system with specific mechanical

properties and a rationally designed synthetic scaffold must successfully mimic the in vivo



situation. Different types of cells demand matrices of different stiffness to grow.>® Discher and
coworkers have shown that it is possible to grow neuronal, muscle, and bone cells from human
mesenchymal stem cells by culturing them in gels of varying elastic modulus.>® Variation of gel
stiffness is generally done by varying the concentration of gelator.>” However it has been reported
that mechanical rigidity can be increased by adding hydrophobic amino acids in the peptide
sequence, or by creating chemical crosslinking through oxidation of cysteine side chains or by

using multicomponent systems.*

The comprehensive goal of this work was to develop a cheap, non-cytotoxic, nanofibrous
hydrogel, which can act as a scaffold for adherence and proliferation of cells. We demonstrate that
it is possible to regulate gel stiffness (mechanical strength) and thermal stability by incorporating
different dicarboxylic acids (oxalic acid, succinic acid, glutaric acid and octanedioic acid) as they
promote extended non-covalent interaction between the histidine containing, N-termini free
peptide molecules. By tuning the elasticity of dicarboxylic acid incorporated peptide hydrogel
through the variation of gelator concentration and chain length of dicarboxylic acids, a successful
scaffold for mammalian fibroblast cell culture has been achieved. Among all the acids tested,
succinic acid leads to the highest gel thermal stability and mechanical stiffness at a given
concentration, thus peptide-succinic acid hydrogels at physiological pH (7.5) have been selected
as our material of choice. Interestingly, it has been observed that the extended interaction through
succinic acid spacer changes the morphology of the hydrogel to a nanofibrous one, which mimics
the extracellular matrix protein more than the native peptide gel with a beads-in-a-garland type
morphology. Interestingly, 3D cell culture ise possible in hydrogel with a storage modulus of 4
kPa, whereas for a stiffer gel with storage modulus of 9.7 kPa, only 2D culture was possible on

the surface of the hydrogel. Thus, a two-component hydrogel with a suitable gel stiffness can serve



as a successful cell culture scaffold for NIH-3T3 mouse fibroblast cells and this holds future

promise in the field of short peptide based regenerative medicine and tissue engineering.
MATERIALS AND METHODS

Chemicals and Cell line: 11-Aminoundecanoic acid was purchased from Sigma-Aldrich. L-
histidine, L-isoleucine, DCC, hydroxybenzotriazole (HOBt), NaOH, chloroform, methanol, silica
gel (100—200 mesh), Et2O, petroleum ether, EtOAc, and DMF were purchased from SRL (India).
Formic acid, succinic acid, oxalic acid dehydrate, sodium dihydrogen phosphate, and disodium
hydrogen phosphate were purchased from Merck. Glutaric acid and octanedioic acid were obtained
from SpectrochemPvt. Ltd. The water used in all experiments was Millipore Milli-Q grade.
Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS),

penicillin, streptomycin were procured from Himedia, NIH-3T3 cells were from ATCC.

Synthesis and Characterization of Peptide: The tripeptide was synthesized by conventional
solution phase methods by using a racemization-free fragment condensation strategy. All steps of
the synthetic details are provided in the supporting information. The final compound was fully
characterized by mass spectrometry, *H NMR spectroscopy and 13C NMR spectroscopy. All NMR
studies were carried out on a Bruker DPX400 MHz or Bruker DPX500 MHz spectrometer at 300
K. Concentrations were in the range 5-10 mmol in CDCIl; or DMSO-ds. Mass spectra were
recorded on a Q-Tofmicro™ (Waters Corporation) mass spectrometer by positive mode
electrospray ionization process.

Transmission electron microscopy (TEM) study:

The morphology of the hydrogel was investigated by using a transmission electron microscope.

The samples were prepared by depositing 10uL of gel sample (0.002% w/v in the case of dilute



sample and 0.01% wi/v for concentrated ones) onto a TEM grid (300 mesh Cu grid). After 2 min
excess fluid was soaked. Then, the grid was dried under vacuum at 27 °C for twelve hours. Images
were recorded on a JEOL electron microscope at an accelerating voltage of 200 kV.

Fourier Transform Infrared (FTIR) study:

Fourier transformed Infrared spectroscopy study of the xerogels were done in the solid state (KBr

matrix) using a Nicolet 380 FT-IR spectrophotometer (Thermo Scientific).

Powder X-ray diffraction study (XRD) study:

The low angle X-ray (scans over 26=0.6°-5°) diffraction studies of xerogels were carried out using
an X-ray diffractometer (Bruker AXS, Model D8 Advance). The instrument was operated at a 40
kV voltage and 40 mA current using Ni-filtered CuKa radiation and the instrument was calibrated
with a standard Al,Oz (corundum) sample before use. The scintillation counts detector was used
with scan speed 2 s and step size 0.02°. For wide angle X-ray (For scans over 26 = 10°-50°)
diffraction studies, the same samples were studied under Rigaku, SmartLab X-Ray Diffractometer,
operated at 9 kW (45 kV, 200 mA) using Ni filtered CuKaradiation and 1D detector with scan

speed 0.3s and step size 0.02°. Samples were prepared by freeze drying the hydrogels

Small-Angle X-ray Scattering (SAXS): Simultaneous SAXS/WAXS experiments were
performed at the NCD station of the ALBA syncrotron (Cerdanyola del Valles, Spain). The
sample-to-SAXS detector distance was ca. 2592 mm using a wavelength of 0.998 A. A Dectris-
Pilatus 1M detector was used to record the 2D SAXS patterns. Standard corrections for sample
absorption and background subtraction were performed. The data were normalized to the intensity

of the incident beam (in order to correct for primary beam intensity fluctuations) and were



corrected for absorption and background scattering The scattering patterns from AgBe were used
to calibrate the wavevector scale of the scattering curve. WAXS patterns were collected using a
Rayonix Lx 255-HS detector at a distance of 135 mm from the sample. The wavenumber q = 47/A

sin 0 scale for WAXS experiments was calibrated using corundum. .

Cell culture and Microscopy: Custom made 35 mm plastic petri dishes, with a concentric hole
of diameter 10 mm, were fitted with 22x22mm glass coverslips on the bottom using biocompatible
silicone grease. A sterile rubber O-ring of diameter 12 mm was attached on top of the hole, also
using silicone grease, creating a cylindrical enclosure of height ~3 mm. Then 100 L of the gel,
pre-heated to the sol state, was poured onto the glass inside the hole and allowed to cool down and
solidify. NIH 3T3 cells, cultured at 37°C/5% COg, in Dulbecco's modified Eagle medium
(DMEM), supplemented with 10% fetal bovine serum (FBS), 100 units/ml of penicillin, and 100
ug/ml of streptomycin were grown up to 85-90% confluence, and then harvested using 0.5 mM
EDTA. 10* cells suspended in 100 pL culture media were seeded on the gel only inside the space
enclosed by the O-ring, and the dish was kept undisturbed for at least 10 minutes to allow the cells
to settle. The dish was then filled with 3 mL of culture medium and stored in the cell culture
incubator. Cells were then observed every 6 hours using an inverted microscope (Zeiss
AxioObserver Z1). Images were taken at 10x and 20x magnification using a CMOS camera

(Hamamatsu Orca Flash 4.0 VV2). Cells were stained with Hoechst 3342 to visualize the nucleus.

MTT Assay: An MTT assay*®was performed to assess the viability of cells in hydrogel environment.
Mitochondrial active succinate dehydrogenase converts MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyl tetrazolium bromide into purple colored formazan crystals, and its absorbance at 570 nmis



proportional to the number of live cells. 10* cells were seeded for 48h, 36h, 24h and 12h from the time
of addition of the MTT in a 48 well plate, with or without hydrogel. Gels of two different
concentrations (1% and 1.5% wi/v) were used to assess the effect of 2D and 3D environment on cell
proliferation. Cells in each well were simultaneously treated with MTT (0.5 mg/mL) for 3 hours at 37
*C/5% CO». After incubation, 200 pL of DMSO was added to each well and absorbance at 570nm
was measured on a SpectraMax M2 spectrometer (Molecular Devices). Each condition was repeated
thrice and errors bar representing standard deviation are plotted as part of the assessment of cell
viability in the hydrogel environment, with the cells grown in standard poly-L-Lysine coated plastic

surface as control.

RESULTS AND DISCUSSION

The L-histidine containing C-terminal protected tripeptide NH2-His-l1le-AUDA-COOMe (AUDA
= 11-aminoundecanoic acid) P1 (Figure 1a) was synthesized in solution phase and subsequently

purified and characterized.

Gelation Study: The gelation property of P1 was tested in the full spectrum of pH of phosphate
buffer solutions (PBS) and it was found that a transparent hydrogel was formed between pH 5.5 to
8.5. For each gelation study, 4 mg of the solid peptide was taken in a glass vial and dissolved in
1mL of PBS by heating with a hot-gun until a clear solution was obtained. The solution was
allowed to equilibrate at room temperature (27° C) and it turned translucent as it was cooled down
within 60 seconds. Interestingly, it became transparent as hydrogel formation took place. The gel
melting temperature of the peptide hydrogel at pH 7.46 was found to be 44 °C (0.5 % w/v). To

strengthen the network of the hydrogel, we have incorporated various dicarboxylic acids into the



peptide gel network. For each gelation experiment 4 mg (8.6x10° mM) of solid peptide was placed
in 950 uL of PBS (pH 7.46), dissolved by careful heating with a hot-gun and 50uL of 85 mM (4.3
pmoles) dicarboxylic acid solution (oxalic acid, succinic acid, glutaric acid and octanedioic acid)
was added to it to obtain the peptide-dicarboxylic acid based two-component hydrogels. It was

observed that the gel melting temperature significantly increased upon the addition of dicarboxylic
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acids (Table 2 in supporting information). The most prominent improvement was shown for
peptide-succinic acid gel, which showed a Tge of 62 °C (0.5 % w/v). The native hydrogel as well
as the gels obtained after the addition of succinic acid were found to be transparent and suitable
for microscopic studies (Figure 1c). A comparative study of gel melting temperature versus
concentration of gelator, between native peptide gel and the peptide-succinic acid gel shows the
improvement of thermal stability over all concentration range. It is noted that Tge values become

essentially independent of concentration above 1% wi/v for both the hydrogels (Figure 1b).



Figure 1. (a) Chemical structure of peptide P1; (b) Gel melting temperature (Tge) of hydrogel
obtained from P1 and hydrogel obtained from P1 added with succinic acid, plotted against various

concentrations; (c) Inverted vial images of peptide gel (left) and Peptide-succinic acid gel (right).

Morphology: High resolution transmission electron microscopic (HR-TEM) studies were
performed to examine the morphologies of the gelators in different assembled states (aggregated
non-gel and gel states). Samples of P1 hydrogels were made at two different concentrations to
understand the nature of the aggregation. The HR-TEM images obtained from the dilute solution
reveals the formation of nanospheres (Figure 2a). In the non-gel state the nanospheres are obtained
from the aggregation of gelator molecules and these nanospheres are aligned in a regular fashion
forming a bead-on-a-garland like structure (Figure 2b). Although this is a rare phenomenon, a few
examples have been observed for the spherical morphology in gels formed by assembly of small
molecules.®®-%! Thethree-dimensional porous network structure formed by adhered interconnecting
nanospheres shows a beads-on-a-string-like morphology in the concentrated gel phase. This cage-
like porous structure is able to entrap a lot of water molecules into it to form a self-supporting
hydrogel. Interestingly, a change in the morphology is observed in the two-component gel
consisting of the peptide gelator and succinic acid. In presence of the acid, a well-resolved
interconnected helical nanofibrous network structure is obtained (Figure 2d). The network shows
the presence of both right- and left-handed helicity (Figure 2e). The nanofibrous network is well
adapted to support the proliferation of mammalian cells. The images reveal a remarkable transition
from a nanosphere (soluble aggregated non-gel state) to a beads-on-a-string morphology in the gel
state. A few previous reports describe morphological transformations within hydrogel systems.®?

64 However, it is rare to observe a drastic change in morphology (interconnected nanospheres to
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helical nanofibres) from one gel phase (only peptide) to another gel phase (peptide + succinic

acid).

Figure 2. Hig Reéolution ransmiss Electron Microscopic images showing(a) nanospheres
composing the peptide hydrogel; (b) magnified image of the nanospheres arranged in a network-
like arrangement (yellow dotted line highlights the pattern); (c) 3D network assembly of the
nanospheres; (d) Helical fibrous morphology of peptide-succinic acid hydrogel, (e) Individual
fibers of peptide-succinic acid gel. (green arrows and yellow arrows show two different kinds of

handedness in the helices.)

Fourier Transformed-Infrared (FT-IR) Spectroscopic Study: Intense peaks at 3291 cm
corresponding to N-H stretching vibration, 1637 cm™ corresponding to amide C=0 stretching

(amide 1) and 1555 cm™ (N-H bending), suggest a strongly hydrogen bonded network in the P1
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hydrogel at physiological pH (Figure S4).% Similar kind of IR signatures were found in two
component gels with various dicarboxylic acids. Moreover, the decrease in the stretching
frequency of ester C=0 to 1730 cm™ suggests bond elongation, which indicates its participation
in hydrogen bonding (the ester C=0 stretching generally appears within the 1735-50 cm range).%
A xerogel obtained from the two-component gel containing peptide and succinic acid shows
symmetric and antisymmetric stretching of carboxylate anion of succinic acid at 1420 cm™ and

1570 cm'* respectively along with the other peaks observed for the peptide-only gel (Figure S4).

Powder X-Ray Diffraction Studies: To probe the molecular packing within the gels, X-ray
diffraction studies of powdered freeze-dried gels were performed. In the low angle diffraction
pattern, for the peptide only gel, we observed a peak at D = 30.26A (20 = 2.84°), which can be
attributed to the length of two peptide molecules interdigitated along the hydrocarbon chain
(Figure 3a) (Estimated molecular length of P1 is 24.62A). A similar packing was reported
previously for a lipidated histidine dipeptide gelator. In the wide-angle powder x-ray diffraction
patterns, peaks at 4.78A (20 = 18.05°) are ascribed to the distance between p-strands and the peak
at 9.87 A (20 = 8.71°) corresponds to the distance between two stacked P sheets (Figure 3b).%
Interestingly four peaks at 5.48 A (20 = 15.72°), 4.39 A (20 = 19.66°), 3.74 A (20 = 23.13°), 3.33
A (20 = 26.00°) correspond to D/6, D/7, D/8 and D/9 respectively. This indicates a lamellar type
of packing arrangement.®® Investigation of small angle diffraction pattern from a succinic acid-
peptide xerogel showed a peak at D' = 59.27 A (20 = 1.45°). The total molecular length of two
peptide molecules and a succinic acid (5.05 A) (estimated in Chem3D Pro 12.0 software) is 54.3
A. However, if the succinate anion and the peptide molecules are connected through hydrogen
bonding between imidazole N-H and carboxylate O, the overall supramolecular unit length

increases by twice thef N-H---O hydrogen-bond length®7° (2.7A x2 = 5.4 A) and it becomes 59.69
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A, which is in accordance with the d-spacing found by XRD (Figure 3c). So, we can conclude that
the two peptide molecules are interconnected by a centrally located succinic acid moiety through
hydrogen bonding. Furthermore, three peaks at 6.13 A (20 = 14.05°), 5.50 A (20 = 15.67°), 4.85
A (206 = 17.81°) can be interpreted as D'/10, D/11 and D'/12, and this suggests the length
corresponding to two terminally located peptide molecules hydrogen bonded to a centrally
positioned succinic acid moiety (Figure 3d). Another set of peaks was found at 3.90 A (26 =
22.22°), 3.6 6A (20 =23.62°), 3.36 A (20 = 25.82°), assigned as D'/15, D'/16 and D'/17. It shows
that the peptide succinic acid gel packs in a lamellar fashion. Again, the d-spacing of 4.78 A (20 =

18.05°) is the distance between [-strands.
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Figure 3.(a) Low (b) Wide-angle X-ray diffraction pattern recorded for xerogel obtained from
peptide hydrogel (c) Low-angle (d) Wide-angle X-ray diffraction pattern recorded for xerogel

obtained from succinic acid-peptide hydrogel.

Small-Angle X-ray Scattering (SAXS) Study: To visualize single molecular length and mode of
packing of the peptide in the (undried) gel state, small angle X-ray scattering (SAXS) was carried
out. The d-spacing of 30.2 A (Figure S5) can be assigned to the length of a layered structure of
two interdigitated peptides. This data supports the low angle powder XRD data of the dried peptide
gel. On the basis of SAXS and PXRD and FT-IR studies, probable models for the molecular
packing pattern of the gel phase has been constructed in Figure S6 and S7 for the native peptide

gel and the two-component gel (obtained from peptide and succinic acid) respectively.

Rheological Study: The stiffness of the extracellular matrix is known to influence cell physiology,
and thus is a crucial parameter to address when developing hydrogels as models for tissue systems.
The degree of stiffness of the peptide hydrogels and peptide-dicarboxylic acid gels were
systematically measured and compared to get an insight into how incorporation of these acids
affects the mechanical strength of the native gel. Time sweep rheology data of the peptide gel was
also recorded to quantify the visible thixotropic property of the hydrogel. Firstly, the frequency
sweep experiment was done for peptide hydrogel with gelator concentration 0.5% (w/v) where the
two moduli, i.e. storage modulus (G") and loss modulus (G") were plotted against angular
frequency (o) ranging from 8-100 rad/s, at a constant strain of 0.1%. The moduli show an
insignificant dependence on angular frequency (Figure 4A). This indicates the formation of a
stable gel. To attain higher stiffness, we increased the concentration of the gelator to 1.0 % w/v
and 1.5% w/v. While doubling the concentration of the peptide increased the elastic modulus by a

factor of two, tripling the concentration increased the elastic modulus ten fold. At o= 50 rad/s, G'
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is 690 Pa, 1402 Pa and 7006 Pa for 0.5%, 1%, 1.5% w/v hydrogel respectively (Figure 4a). The
time-dependent step-strain experiment was performed with a time step of 125 s. Initially the strain
was kept constant at 0.1% then the strain was increased to 30% at which point the gel ruptured.

The reformation of the gel takes place as the strain is reduced to 0.1% at the next cycle. The process

was continued to 3 cycles to show reproducibility (Figure 4b).
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Figure 4. (a) Elastic modulus G' and Loss modulus G" of hydrogels of peptide P1 in three different

concentrations, (i) 1.5% wlv, (ii) 1% w/v, (iii) 0.5% w/v and (b) Step strain experiment for 1.5%

wi/v of peptide P1 hydrogel with 125 s step length, confirming thixotropic behavior of the hydrogel.
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Dicarboxylic acids with varying chain lengths were incorporated with an expectation of extended
supramolecular interactions between free carboxylic acid groups and peptide molecules with free
N terminus, as well as the imidazole side chain of the histidine residue. Peptide-dicarboxylic acids
at 1% w/v concentration of peptide and acids taken in 1:2 molar ratios indeed showed increased

storage modulus, to different degrees, for different acids (Figure 5).
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Figure 5. Elastic modulus G' and Loss modulus G™ of hydrogels of peptide P1 with different

additives, (a) oxalic acid, (b) succinic acid, (c) glutamic acid, (d) octanedioic acid, with value of
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G' at 50 rad/s indicated for each case. Peptide and dicarboxylic acid were tin a 2:1 molar ratio

with 1% (w/v) peptide.

The most significant enhancement of mechanical strength was shown by the addition of succinic
acid (Figure 5). Due to its optimal mechanical and thermal response, the transparent gels of
peptide-succinic acid were used in cell culture. Stiffness tuning of the peptide-succinic acid gel
could be achieved by varying the concentration from 0.5% to 2.0% w/v (Figure 6). At o= 50 rad/s,

G'is 879 Pa, 4340 Pa, 8357 Pa and 9729 Pa for 0.5%, 1%, 1.5% and 2% w/v hydrogel respectively
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Figure 6. Elastic modulus G" and Loss modulus G™ of hydrogels of two component gel of peptide
and succinic acid in different concentrations of peptide and succinic acid, (a) 0.5% wl/v, (b) 1%

wiv, (c) 1.5 % w/v, (d) 2% wiv.

Cell culture Experiments: The histidine-based hydrogel is optically transparent and it forms gels at
a physiological pH of 7.5. Free NH2 groups give it a net positive charge at pH 7.5, which would
facilitate adhesion of negatively charged cell membranesthe substrate. Moreover, the stiffness of the
gel can be tuned by varying the gelator concentration. This makes out hydrogel system a good
candidate as an extracellular matrix mimic. Due to transparency and good rheological response, the

hydrogel of P1 was initially used to investigate whether cells can grow on them or not. The fibroblast
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cell line NIH 3T3 was employed for cell culture experiments. Cell culture was attempted on the
peptide gel (1.5% wi/v) with stiffness of 7 kPa, but it was found that the gel would disappear readily
within 6 hours at the incubator temperature of 37 °C. This is because the gel melting temperature of
the pure peptide gel at 1.5% wi/v gelator concentration is 48 °C and this makes it slightly unstable at
the physiological temperature of 37 °C. To primarily increase the thermal stability of the hydrogel,
we incorporated several dicarboxylic acids along with the peptide gelator. As detailed above, the
peptide-succinic acid gel gave the best thermal and mechanical response. The nanofibrous
morphology of the peptide-succinic acid gel also encouraged us to investigate its possibility of acting
as an extracellular matrix for the cell growth and proliferation. The culture was done on petri dishes
using a sterile rubber O-ring of diameter 12 mm to create a cylindrical enclosure of height ~3mm. Cell
culture was first performed on 2% wi/v peptide-succinic acid gel (G' = 9.7 kPa). Cell growth was
monitored for 36 hours at 6 hour intervals, after which the gel mass generally was detached from the
glass surface, making microscopy difficult. that the images in Figure 7 show that the cells are able to
grow on the two-component peptide-based gel surface up to 36 hours without any problem. The cell
morphology was generally circular, possibly due to absence of stable focal adhesions. /"2 Fibroblasts
are also known to tune their internal stiffness to enable survival and spreading on substrates with lower
stiffness, which often results in a rounded morphology.” ™ The cells that did have elongated
morphology could have secreted ECM proteins (locally) as typical of fibroblasts™ (Figure 7b). When
cells were cultured on a lower concentration1% w/v gel of a lower G'=4 kPa, it was convincingly
apparent that they could penetrate deep inside the gel (Figure 7c, 7d, 7¢).The cells are alive and healthy
as evident from the images inFigure 7d. It is known that contraction forces generated by cells on the
culture substrate can influence the mechanical architecture of the substrate.” In the case of the P1-

succinic acid gel, the cellular traction stress could have broken the gel in a localized manner, thus
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enabling the cells to travel inside by constantly dissolving the gel beneath them. The gel above the
cells could then recovers from solution state to reform the gel due to its thixotropic property, after
some time. A MTT cell survival assay was performed to examine the influence of peptide-succinic
acid hydrogel on cell viability over time. The assay reveals that the 2D or 3D environment provided
by the peptide gel has no detrimental effect on cell viability (Figure 7f). This indicates that the peptide-
based hydrogel obtained from gelator P1 and succinic acid is not cytotoxic, and it can be used to

mimic the extracellular matrix to culture fibroblasts in vitro up to two days at least.

The aforementioned study suggests that the tuning of the thermal stability of the hydrogel enhances
the gel stability for a sufficiently long time that is needed for the cell culture. Moreover, the
mechanical stiffness of the hydrogel can be modulated according to the traction stress generated
by the cell type to choose the culture environment as 2D or 3D. Relatively less stiff gel (G' = 4kPa)
is well suited for 3D culture, as it promotes selective penetration of cells into the gel phase material,
while increasing the gel stiffness above the cellular traction stress provides a platform for 2D
culture on the hydrogel surface. Here, gel stiffness was optimized for successful culture of NIH-

3T3 cells in 2D and 3D environments.
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Figure 7.phase contrast images (20x magnification) of NIH 3T3 cells cultured on the surface of

(@) 1.5% (w/v) gel and (b) glass, as control. Upon culturing cells on 1% (w/v) hydrogel, it was
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observed that cells were present at different depths inside the gel, post 36 hours of seeding the cells
on the surface, shown in (c) Phase contrast images; (d) Nuclei stained with Hoechst stain; (e)
Merged (c) & (d), Z indicates height from the glass surface.(f) MTT assay comparing viability of
cells on glass surface (black), 1.5% (w/v) gel for 2D culture (red) and 1% (w/v) gel for 3D culture
(blue). (g) 3D rendering of Hoechst stained cultured cell nuclei (blue). The elongated fluorescence

in the Z-direction is due to the point spread function of the objective lens.

Conclusion

We demonstrated the formation of a histidine-containing peptide-based hydrogel at pH 7.5. This
study also convincingly demonstrates the tuning of mechanical stiffness and thermal stability of
this peptide-based supramolecular hydrogel by incorporation of different dicarboxylic acids into
the system, promoting hydrogen bonding and electrostatic interaction within the gel phase. We
show for the first time that it is possible improvement of thermal and mechanical properties of a
peptide hydrogel by introducing a dicarboxylic acid (succinic acid in 1:2 molar ratio) to promote
acid base interaction in a two-component hydrogel system. Interestingly, the morphology of the
native gel changes significantly in presence of succinic acid from bead-on-a-garland to a network
of inter-connected helical nanofibers to form a two component hydrogel. The increased gel
stiffness, the enhanced gel melting temperature and a nanofibrous network have been successfully
utilized for the 3D/2D cell culture of fibroblast cells by using the two-component hydrogel as an
extracellular matrix. This indicates that the tuning of mechanical strength, thermal stability and the
morphology of the hydrogel promotes growth and nourishment of the cells in vitro pointing

towards the future promise for peptide gel-based soft biomaterials in regenerative medicine.
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