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Introduction

Supramolecular polymer/peptide hybrid hydrogels
with tunable stiffness mediated by interchain acid-
amide hydrogen bondsf

Yu-Shen Liu, 2" Rajan Deepan Chakravarthy, ©2°
Abdelreheem Abdelfatah Saddik, &2 2°¢ Mohiuddin Mohammed & 2°
and Hsin-Chieh Lin @ *a0

Hydrogels are a class of biomaterials used in the field of tissue engineering and drug delivery. Many tissue
engineering applications depend on the material properties of hydrogel scaffolds, such as mechanical
stiffness, pore size, and interconnectivity. In this work, we describe the synthesis of peptide/polymer
hybrid double-network (DN) hydrogels composed of supramolecular and covalent polymers. The DN
hydrogels were prepared by combining the self-assembled pentafluorobenzyl diphenylalanyl aspartic
acid (PFB-FFD) tripeptide for the first network and the polymeric PNIPAM-PEGDA copolymer for the
second network. During this process, self-assembled peptide nanostructures are cross-linked to the
polyacrylamide group in the polymer network through non-covalent interactions. The PNIPAM-
PEGDA:PFB-FFD hydrogel exhibited higher mechanical stiffness (G' ~2 kPa) than the PNIPAM-PEGDA
copolymer. Moreover, PNIPAM-PEGDA:PFB-FFD hydrogel shows a decrease in pore size (~1.2 pm)
compared to the original copolymer (~5.2 um), with the structural framework of highly interconnected
fibrous peptide network. The mechanical stiffness of hydrogels was systematically investigated by
rheological analysis in response to various variables, including UV exposure time, concentration of
peptides, and amino acid functionalization. Modulating the time of UV irradiation resulted in PNIPAM-
PEGDA:PFB-FFD hydrogels with a four-fold increase in stiffness. The influence of amino acid side chains
and terminal charge of peptides on the strength of DN hydrogels was also investigated using
pentafluorobenzyl diphenylalanyl lysine (PFB-FFK). Interestingly, PFB-FFK, which has an amine group on
the side chain, does not exhibit the DN structures. The mechanical properties and pore sizes of PNIPAM-
PEGDA:PFB-FFK hydrogel were very similar to those of the PNIPAM-PEGDA copolymer due to poor
cross-linking. The biocompatibility of the hydrogel materials was tested with the hMSC cell line using the
MTT method, and the results indicate that the materials are non-toxic and potentially useful for
biological applications.

wearable electronics."*® Most hydrogels have, however, been
either too soft or mechanically brittle, which limits their

Hydrogel is a highly versatile, cross-linked, three-dimensional
polymer network that can accommodate significant quantities
of aqueous and biological fluids."® Due to their high-water
content, hydrogels are also flexible like biological tissue.” They
can serve as drug delivery systems,** scaffolds for tissue engi-

neering,*” sensors and actuators,®*® soft machines,"™ and
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potential applications.”” Additionally, the heterogeneity of the
structures and the lack of efficient dissipation mechanisms
severely restrict their applications."®

PNIPAM-based hydrogels are considered smart materials
because they can undergo temperature-dependent phase tran-
sitions in aqueous solutions at 32-34 °C, which is closer to
physiological body temperature.” In spite of the advantages,
poly(NIPAM) hydrogels have three major shortcomings, namely
poor mechanical properties, low biodegradability, and limited
drug loading.”® PNIPAM has also been copolymerized with other
polymer segments to achieve numerous functions in addition to
its thermoresponsive property. A variety of applications have
also been reported by grafting with macromolecules.
Researchers have also prepared synthetic hydrogels containing
PNIPAM along with natural components such as gelatin,
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chitosan, cellulose, dextran, polysaccharides, and polyamino
acids to improve hydrogel performance.”* In many of them,
PNIPAM chains are directly attached to natural polymers. In
addition, peptides have also been combined with PNIPAM to
fabricate the multicomponent hydrogels via covalent or non-
covalent interactions.”»** Although some progress has been
made, the exploration of smart hydrogels will be further
enhanced by incorporating ultrashort peptides with different
functions.

The mechanical properties, scaffold pore size, and inter-
connectivity are undoubtedly critical for most bio applications.
Crosslinking plays a key role in the mechanical properties of
hydrogels.>* Polymeric hydrogels stemming from supramolec-
ular crosslinks through specific, directional, and dynamic non-
covalent interactions have led to the development of novel
polymeric hydrogels. Several approaches to supramolecular
crosslinking are currently available, ranging from ionic chem-
istry to molecular host-guest interactions. Hydrogen bonding is
one of the most important non-covalent interactions that
impart functions such as self-healing, shape memory, and
dynamic energy dissipation to materials. Hydrogen bonding
between amides and carboxylic acids is a molecular recognition
process in which amide hosts selectively bind to carboxylic acid
guest species.”® Such guest-recognition hydrogen bonding for
supramolecular cross-links is relatively rare, but this approach
might provide unique properties to functional hydrogels.

Peptide-based hydrogels are important in tissue engineering
and regenerative medicine due to their superior biocompati-
bility and low toxicity.***” Short peptides derived from naturally
occurring amino acids have also been presented in the extensive
literature as viable candidates for molecular self-assembly to
fabricate the supramolecular structures such as fibrils, belts,
tubes, and vesicles. In addition, short peptides are more stable
and non-immunogenic than their long counterparts, and
hydrogels of short self-assembling peptides show promise for
drug delivery and regenerative medicine.?® Ultrashort peptides
containing two to three amino acids are inexpensive, easy to
prepare, and can be produced on a large scale. This study aims
to synthesize peptide-polymer hybrid hydrogels combining tri-
peptide and PNIPAM-PEGDA with emphasis on supramolecular
cross-links. We also systematically investigate the effects of the
amino acid side chains and the terminal charge of the peptides
on the self-assembly and mechanical properties of the hydrogel
materials. Although hydrogels of peptide/PNIPAM have been
described in a few reports, the hybrid system with tripeptide has
not been reported to our knowledge. The peptide-polymer
hybrid hydrogels described here can be tailored to change
their mechanical properties over a wide range.

Results and discussion
Design principle of peptide/polymer hybrid double network
hydrogels

To develop a hydrogel with high mechanical stiffness and cross-
linking density with an interconnecting network, we created
a polymer-supramolecular double network (DN) hydrogel with
dynamic non-covalent crosslinking. Based on the concept
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Fig. 1 Schematics of hydrogels and the possible cross-linking
mechanism between polymer/peptide units via intermolecular
hydrogen bonding between amine-amide or acid-amide moieties.

Weak hydrogen
bonding interactions

shown in Fig. 1, we design and synthesize a pair of PFB tri-
peptides to prepare a supramolecular peptide/polymer hybrid
hydrogels. The hydrogel design used for this study consists of
two segments: (i) PNIPAM-PEGDA copolymer, with large pore
sizes on the order of few micrometers; (ii) tripeptide segment
that can self-assemble into nanofibrous and nano porous
morphology. We also investigate the effect of aspartic acid and
lysine groups for creating supramolecular crosslinking with
PNIPAM-PEGDA copolymer. We selected two known short
peptide sequences PFB-FFD and PFB-FFK to establish the
intermolecular interactions between the polymer and the
peptide network (Fig. 2). These materials can be prepared by
solid-phase peptide synthesis (SPPS).>® The gel was obtained by
one-pot polymerization of NIPAM, PEGDA
(NIPAM : PEGDA wt% 10 : 1) and PFB-FFD or PFB-FFK (peptide
24 mg mL™") in dimethyl sulfoxide (DMSO) solution and the
results are summarized in Table 1. PEGDA serves as a Cross-
linker for PNIPAM. Then, ammonium persulfate was added as
a photoinitiator and polymerization was carried out under UV
light for 20 h. After the polymerization process was completed,

F THE: il

F N\)LN N\E)LOH o

£ =0 3 0 ‘\H/OH \)LN J\
F 0 i

PFB-FFD NIPAM
F 0
H H 0
F N\)J\ N\)J\ 5
7N 70 AT{O\/\}Q/U\/
o) o}
F F o}
F
NH,
PFB-FFK PEGDA

Fig. 2 Chemical structures of pentafluorobenzyl diphenylalanyl
aspartic acid PFB-FFD; pentafluorobenzyl diphenylalanyl lysine PFB-
FFK; N-isopropylacrylamide (NIPAM); Poly (ethylene glycol) diacrylate
(PEGDA).
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Table 1 Physical properties of hydrogels
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Entry Appearance” Pore size” (um) Moduli’ G, G” (Pa) Critical strain? y. (%)
PNIPAM-PEGDA 0G 5.2+ 0.3 3.5 x 10%, 0.26 x 10? 54.3 (242)
PNIPAM-PEGDA:PFB-FFD 0G 1.2 +0.3 2.1 x 10%, 1.9 x 10> 46.6 (791)
PNIPAM-PEGDA:PFB-FFK oG 5.1+ 0.2 5.0 x 102, 0.23 x 10? 73.8 (482)

“ OG: opaque gel. b SEM data. © The values at 10 rad s~*. ¢ The crossover transition point from primary elastic to primary viscous is shown in

parenthesis.

the pre-gel was treated with water for 3 h to initiate the self-
assembly of peptide molecules. The resulting material was
then dialyzed in deionized water (DI water) to remove unpoly-
merized species and DMSO solvent. The PNIPAM-PEGDA
copolymer gel was weak and brittle. We found a similar result
when mixing with PFB-FFK tripeptide which could be due to
weak hydrogen bonding. Surprisingly, the addition of PFB-FFD
peptide material can significantly improve the stability and
toughness of the gel due to the supramolecular interaction
between the amide and acid groups of NIPAM and PFB-FFD.

Morphology and rheological properties of the hydrogels

To determine the morphological structures of the hydrogels and
to understand the relative differences in microstructures upon
the addition of peptides, scanning electron microscopes (SEM)
and transmission electron microscopes (TEM) were used, and the
results are shown in Fig. 3. As shown by the SEM image, all
hydrogels exhibited porous structures in the micrometre range,
(Fig. 3a—c). The data showed that PNIPAM-PEGDA consisted of
a porous structure with a diameter of 5.2 & 0.3 pm. Similar results

Fig. 3 Scanning electron microscopy (SEM) images of the hydrogel
(inset shows optical image of the gel); (a) PNIPAM-PEGDA, (b) PNI-
PAM-PEGDA: PFB-FFK, (c) PNIPAM-PEGDA:PFB-FFD. TEM image of
(d) PNIPAM-PEGDA:PFB-FFD hydrogel (inset shows nanostructures of
the self-assembled peptides).

© 2022 The Author(s). Published by the Royal Society of Chemistry

were obtained for the PFB-FFK peptide/polymer hybrid system
with a pore size of 5.1 + 0.2 pum. However, the pore size of the
PFB-FFD-based DN hydrogel system decreased dramatically to 1.2
£ 0.3 um, which could be due to strong crosslinking between
peptide and polymer network. TEM analysis proved that the PFB-
FFD peptide/polymer hydrogel network consisted of fibrous
networks that were highly cross-linked (Fig. 3d and S17). The self-
assembled PFB-FFD had successfully integrated into the hydrogel
network and did not diffuse into the water during the dialysis
process. These results indicate that the addition of peptides with
an acid side chain can induce strong hydrogen bonds leading to
a DN hydrogel system with the polymer.

The mechanical properties of the hydrogels were measured
using oscillatory rheology, and the results are summarized in
Fig. 4 and S2-S6 (ESI).} Storage modulus (G') and loss modulus
(G") were determined as a function of frequency and strain. All
hydrogels have elastic properties as their storage moduli (G') are
higher than their loss moduli (G”). The frequency sweep rheology
of PNIPAM-PEGDA exhibited low G’ values of 0.3 kPa. Moreover,
the hydrogel retained its morphological structures up to a critical
strain of about 54.3% (Fig. S3, ESIT). The addition of PFB-FFD
peptide to the polymer system leads to a significant increase in
G values to 2.1 kPa with the critical strain value of 46.6%.
Furthermore, the hydrogel showed a crossover transition between
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Fig.4 (a) The average storage modulus and loss modulus of PNIPAM-
PEGDA, PNIPAM-PEGDA:PFB-FFK and PNIPAM-PEGDA:PFB-FFD. (b)
Temperature-dependent rheological analysis of PNIPAM-PEG-
DA:PFB-FFD. (c) CD spectra of PNIPAM-PEGDA in presence and
absence of peptides at the concentration of 2 wt%. (d) Normalized
fluorescence emission spectra of peptide/polymer hybrid hydrogels.
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gel-like and liquid-like states at a strain value of about 791%,
indicating significant hydrogen bonding between the peptide and
polymeric network. When the hydrogel is prepared with PFB-FFK,
the G' value drops to 0.5 kPa with a strain value of 73.8%.
However, the crossover point occurs at a strain value of 482%,
which may be attributed to weaker hydrogen bonds and network
stability. These results indicated that the amino acid side chain
had a significant impact on the formation of DN hybrid hydro-
gels. In addition, oscillatory rheological tests with temperature
sweep were performed to investigate the thermoresponsive
behavior of the PNIPAM-PEGDA:PFB-FFD hydrogel. The storage
modulus (G') value increased from 1.9 kPa at 25 °C to 5.9 kPa at
45 °C (Fig. 4b). This result is consistent with the established
phase transition behavior of PNIPAM hydrogels. Further, the
hydrogels showed a greater dependence on the peptide concen-
tration. For example, hydrogels prepared with a PFB-FFD
concentration of 0.6 wt% showed a lower critical strain of about
13.6%, indicating a higher brittleness. This might be due to
a lower cross-link density of the peptide-polymer hydrogel. Under
this condition, an average storage modulus value G’ of 0.87 kPa
was obtained. Moreover, the presence of salt affects the visco-
elastic behavior of the hydrogel due to the metal-ion crosslinking
of peptide molecules. The calcium salt was chosen to study the
influence of the metal ion on the hydrogelation, based on
a previous report.*® The addition of 10 mM Ca*" to the pre-gel
mixture decreases the critical strain (y.) to 21.7%, indicating
a weaker cross-linking network between the peptide and the
polymer (Table S1, ESIt). However, further research is needed to
gain a deeper understanding of this phenomenon.

Molecular interactions between NIPAM and PFB-tripeptides

To understand the molecular interactions between the polymer
and supramolecular peptides as well as the secondary structure
of the hydrogels, circular dichroism spectra were obtained
(Fig. 4C). The CD spectra of both the PNIPAM-PEGDA gel and the
PFB-FFK peptide/polymer hybrid system showed no noticeable
signals in the near UV range 200-230 nm. The PFB-FFD -based
DN hydrogels exhibited negative signals at A = 205-210 nm,
indicating possible B-sheet structures. To further evaluate the
aromatic interactions of the hydrogels, the fluorescent emission
spectra were obtained. The emission spectra of the monomeric
peptides generally show a distinct band at approximately 310 nm
with an excitation wavelength of 260 nm.**** The peptide/
polymer hybrid system showed a significant red shift. The PFB-
FFK system showed emission maxima at 345 nm and the PFB-
FFD system at 395 nm respectively. The change in emission
profile is due to the formation of strong aromatic-aromatic
interactions. All these results indicated that the hydrogen
bonding and aromatic interactions are the major driving forces
for the formation of DN hybrid hydrogels.

To further investigate thermal stability and thermally
induced structural transitions at the molecular level, thermog-
ravimetric analysis (TGA) was performed and the results are
shown in Fig. S14.1 TGA of peptide-polymer hybrid hydrogels
showed a two-stage decomposition mechanism. The first stage,
between 25-100 °C, is due to water evaporation in the hydrogels,
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Fig. 5 Proposed hydrogen bonding crosslinking mechanism for the
formation of peptide/polymer DN hydrogel.

and the second stage, between 300-430 °C is due to the
decomposition of the hydrogel network. At high temperatures,
the PNIPAM-PEGDA:PFB-FFD hydrogel reaches a plateau, which
could be due to the higher carbon content introduced by PFB-
FFD. These experiments suggest that PFB-FFD has a strong
affinity toward the polymeric network.*

Analysis of the molecular interactions between the amide-
amide and acid-amide functional groups was performed to
identify the origin of the crosslinking mechanism in DN
hydrogels.*® The amide-amide groups are capable of forming an
eight-membered ring structure with two H-bonds (Fig. 5), but
such interactions are weaker because the N-H bond is less
polarized than the O-H bond. Moreover, the formation of
a strong hydrogen-bonded network of the PNIPAM moiety in
water precludes the possibility of eight-membered ring struc-
tures. The thermoresponsive behavior of the hydrogel is caused
by its hydrated and dehydrated forms during temperature
changes (Fig. S157).>* The formation of acid-acid interactions is
relatively less stable because of the repulsive interactions
between the carboxylate groups. In contrast, there are no
repulsive interactions in the acid-amide system. This results in
stronger acid-amide hydrogen bonding interactions than
amide-amide hydrogen bonds, which leads to improved
mechanical properties for the DN hydrogels. To confirm this, we
performed FTIR measurements for the PFB-FFD and the
peptide/polymer DN systems. The FTIR spectrum of PFB-FFD
showed characteristic amide bands between 1650-1610 cm ™.
For the PFB-FFD-based DN hydrogel, the polymer signals
predominate and shows intense signal at 1648 cm ™!, which can
be attributed to amide group of polyacrylamide. However, the
intense peak of PFB-FFD located at 1493 cm ™" was completely
absent in the DN hybrid system, which could be due to different
molecular structures in the hydrogel system.

Tunable mechanical properties and biocompatibility

Supramolecular hydrogels are effective scaffolds for tissue
engineering. Hydrogels share some physical characteristics
with the native extracellular matrix (ECM), widely used for cell-
based therapies. Several studies have shown that the scaffold
composition and mechanical properties affect the fate of the
cells. We hypothesized that decreasing the polymerization time

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The average storage modulus and loss modulus of PNIPAM-

PEGDA: PFB-FFD DN hydrogels prepared at various time point. (b) Cell
viability data of 3A6 cells incubated with PNIPAM-PEGDA hydrogels.

of PFB-FFD-polymer DN hydrogel could interfere with cross-
linking, thereby reducing mechanical properties. We investi-
gated this effect on PFB-FFD based DN hydrogel system. Four
DN hydrogels were prepared (PNIPAM-PEGDA:PFB-FFD) by
changing the UV-exposure time between 5 and 20 h, respec-
tively. As shown in Fig. 6a, increasing the exposure time resulted
in stiffer hydrogels. It was found that the hydrogels are elastic
with G’ values significantly higher than G” over a broad
frequency range, and the hydrogels with a tunable stiffness with
a range of 0.6 to 2 kPa were achieved. Thus, by changing the UV
exposure time, we can control the self-assembly of the hydrogel
system thereby tuning the mechanical behavior.

The biocompatibility of the hydrogels was determined using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay.*® The hydrogels leachable from the peptide-
polymer hybrid hydrogels were exposed to human mesen-
chymal cells (hMSCs; 3A6 cells). As shown in Fig. 6b, the
viability of the 3A6 cells treated with hydrogel leachable was
more than 95% after 2 days of culture in all hydrogels compared
with the control group, indicating that the hydrogels are not
toxic to the 3A6 cells. Taken together, these results indicate that
our gels are biocompatible and might serve as viable scaffolds
for tissue engineering applications.

Conclusions

We have developed a PFB-based tripeptide system for promoting
hydrogen bonding with polymer to form DN hydrogels. There
appears to be a correlation between the mechanical properties of
the hybrid hydrogels and supramolecular cross-linking of the
functionalized peptide. We have illustrated that using the PFB-
FFD tripeptide as an example. The terminal aspartic acid of
PFB-FFD induces strong hydrogen bonding interactions between
the polymer and peptide network, which could greatly improve
the stiffness and toughness of the double network gel. Overall,
this work highlights the importance of the polymer-supramo-
lecular relationship on DN hydrogels and provides new insights
into the design of hydrogels for biological applications.

Experimental section
Materials and methods

Synthesis and characterization of PFB-tripeptide. We
synthesized the tripeptides by solid-phase peptide synthesis

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(SPPS) using the classical Fmoc protocol with 2-chlorotrityl
chloride resin. The detailed synthesis protocol can be found in
the ESL.¥ "H-NMR, “C-NMR and MS techniques were used to
verify the final peptide compounds. NMR spectra of the
compounds were recorded in deuterated solvents using a VAR-
IAN AS500 MHz NMR instrument.

Preparation of polyacrylamide gels. A solution of acrylamide
(NIPAM) and poly(ethylene glycol) diacrylate (PEGDA) ina 10 : 1
ratio was dissolved in DMSO at a concentration of 150 mg mL ™"
The solution was irradiated with UV light for 20 h and the pre-
gel was obtained. Polymerization was initiated by adding
ammonium persulfate as a photoinitiator. Finally, the pre-gel
obtained was dialyzed in DI water for 24 h to remove the
unpolymerized monomers and DMSO.

Preparation of peptide/polymer hybrid double network
hydrogels. In a typical preparation of hydrogels, PFB-FFD
(2.4 wt%) or PFB-FFK (2.4 wt%) and NIPAM with crosslinker
PEGDA (wt% 10 : 1) were dissolved in DMSO at a concentration
of 24 mg mL ™" and 150 mg mL " respectively. Polymerization
was initiated by adding ammonium persulfate as a photo-
initiator. The solution was exposed to UV light for 20 h to obtain
the pre-gel. The pre-gel was then treated with water (1 mL) to
initiate self-assembly of the peptide molecules for 3 h. Finally,
the sample was dialyzed in DI water for 24 h to remove the
unpolymerized monomers and DMSO.

To investigate the relationship between gel strength and
polymerization time, a time-dependent experiment was carried
out using PFB-FFD, NIPAM, and PEGDA samples with poly-
merization times of 5, 10, 15, and 20 h, respectively.

Mechanical measurements. Rheological properties were
measured with the TA discovery rheometer (DHR-1) using
a 20 mm cone plate and a Peltier plate with aluminum geom-
etry. Rheological experiments were performed in a frequency
sweep mode with a frequency of 1-100 rad s~ ' at a constant
strain of about 0.8% and in a strain sweep mode in a strain
range of 0.1-10 000% at a frequency of 1 rad s~ '. The temper-
ature was maintained at room temperature during the
measurement. The geometry gap was set to 100 pm.

Scanning electron microscope. We acquired SEM images
using a JSM-6700F (JEOL, Japan) at an accelerating voltage of 15
kv. The hydrogels were lyophilized before measurement.
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