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Inspired by nature, self-assembly strategy has been well devel-
oped to build various biomaterials in recent years. For example,
self-assembly of DNA,"? phospholipids,** proteins,>® as well as
peptides” has been widely exploited to construct different
nanomaterials for drug/gene delivery, cell culture and tissue
engineering. Among them, the oligopeptides with low molec-
ular weights have attracted much attention in the field of
nanotechnology-assistant cancer treatments due to the mellow
synthetic methods and adjustable amphipathy to fabricate
shape-tailored nanomaterials via self-assembly. Of note, self-
assembled oligopeptide hydrogel has been demonstrated as
an interesting soft material for biomedical applications.®®
Nevertheless, restricted by the short sequences, most oligo-
peptides are lack of multiple bioactivity. On account of the non-
covalent interactions, in addition, the hydrogel strength is
usually far from satisfactory.*>**

To tackle these difficulties, various hybrid oligopeptide
hydrogels have been developed to hold different synergistic
properties. Incorporation of graphene oxide (GO) into a short
peptide hydrogel improved the rigidity of the hybrid hydrogel
system compared to the native one.” The hybrid hydrogel
constructed by GO sheets and an oligopeptide possessed high
drug-sustainability and on-demand drug release in vivo."
Doping FEFEFKFK peptide hydrogel with  poly(N-
isopropylacrylamide)-FEFEFKFK conjugate allowed for opti-
mizing the mechanical properties of peptide-based hydrogels
and endowed them with temperature sensitivity."* Hybrid
hydrogel compromising of an amphipathic oligopeptide and
a fluorescent m-conjugated poly(para-phenylene vinylene)
exhibited strong fluorescence, even higher than the pure poly-
mer in solution.' As anticipated, different functions have been
achieved in those two-in-one hybrid systems. Nevertheless, the
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Incorporation of poly(dopamine) (PDA) into the native oligopeptide hydrogel has been demonstrated to
decrease the critical gel concentration (CGC), improve the rigidity of formed hybrid hydrogel, and
especially endow the hydrogel with efficient free radical scavenging ability.

controversy on the toxicity of GO in vivo slows its progress
toward clinical biomaterials."**® And preparing functional
polymers sometimes needs tedious steps. Thus, functional
polymers with good biocompatibility and simple fabrication
process are highly pursued to construct novel hybrid oligopep-
tide hydrogels.

Poly(dopamine) (PDA) owing to many functional groups
such as catechol, amine, and imine exhibits robust adhesion to
diverse substrates, which provides great potential as the coating
materials.”?° It has been well documented that PDA could
adsorb various dye molecules due to the hydrogen bonding and
-7 stacking interaction.”>** Recently, PDA has caused serious
concerns in biomedical applications due to the outstanding
biocompatibility and unique physicochemical properties.*>**
PDA has been demonstrated to be an efficient antioxidant in the
biological system, which is associated with the striking prop-
erties of sequestering redox active metal ions***® and scav-
enging reactive free radicals.””*® Specially, PDA-bearing hybrid
hydrogels with specific functionalities have been developed, in
which PDA acts as cross-linking mediator and the yielded
hybrid hydrogel can be used in biomedical field as drug delivery
carriers and tissue adhesives.*

In the present study, a novel hybrid peptide hydrogel was
fabricated by incorporating PDA into native oligopeptide
hydrogel (Scheme 1). The intermolecular interaction between
the Fmoc appended oligopeptide and PDA was investigated.
Incorporation of PDA into native oligopeptide hydrogel can
decrease critical gel concentration (CGC) and improve the
rigidity of the formed hydrogel. Specially, the novel hybrid
peptide exhibits a combinational feature of peptide-based
species and PDA materials, which shows great potential in the
fields of medical wound dressing and drug control release.

PDA was synthesized by the autopolymerization of dopamine
in an aerobic atmosphere under alkaline situation. The oxida-
tion and polymerization process was monitored by fluorescent
spectroscopy, accompanying with the color change of the
solution. Along with the increase in reaction time, the colorless
solution became brown and even black, demonstrating the
successful oxidation of dopamine in basic condition (see
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Scheme 1 Formation of mechanism of PDA doping hybrid oligo-
peptide hydrogel. R* and RH representing the radical and it corre-
sponding reduced species, respectively.

Fig. S1A in ESIf). To monitor the oxidation process, the fluo-
rescent spectra of PDA solutions were recorded at different time
intervals up to 360 min. Two fluorescent emission peaks at
470 nm and 495 nm appeared immediately (see Fig. S1B in
ESIT), which were corresponding to the intermediate and
oxidized products, respectively. The appearance of fluorescent
peaks suggested the rapid oxidation reaction of dopamine
molecules. Interestingly, the intensity ratio between 495 nm
and 470 nm (marked as I,95/I,7¢) increased in the first 15 min.
The reason was attributed to the concurrent formation and
consumption of intermediate products in the polymerization
process. After 30 min, only an intense peak around 495 nm was
observed. Specially, the emission intensity maxima at 495 nm
started to decrease when the oxidation time exceeded 30 min.
This phenomenon might be originated from the self-quench of
PDA. The final wavelength with highest fluorescent intensity
was determined at ~495 nm, which was in accordance with the
result reported by Wei's group,® but different from the wave-
length at around 470 nm obtained by Yildirim and co-workers.**
The difference in the maximum emission wavelength resulted
from the varying degrees of oxidation. To investigate the
morphology of PDA, scanning electron microscopy (SEM) was
exploited to image the nano-shape, which disclosed that PDA
existed in a regular spherical structure with an average size of
250 nm (see Fig. S1C in ESI}). Dynamic light scattering (DLS)
profile revealed that the average size of PDA is 270 nm (see
Fig. S1D in ESIt), almost consistent with the SEM result.

The oligopeptide gelator named as Fmoc-FFFRGD-OH was
synthesized on 2-chlorotrityl chloride resin using a standard
Fmoc chemistry according to the literature procedure,*** and
the molecular structure, molecular weight and purity were
characterized, accordingly (see Fig. S2-S5 in ESI{). The gelation
ability of the native oligopeptide was inspected through the vial
inversion test. As shown in Fig. 1, the oligopeptide molecules
aggregated into macroscopical hydrogel when the peptide
concentration reached 7 mg mL ™" (0.7 wt%). The formation of
the peptide hydrogel resulted from the molecular self-assembly.
To investigate the influence of PDA on gelation ability of the
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Fig. 1 Photos of native oligopeptide and PDA doped hybrid hydrosol/
hydrogel obtained from different peptide and PDA concentrations.

peptide, different amounts of PDA were added. Notably, the
oligopeptide with a concentration of 3 mg mL ™" (0.3 wt%) can
self-assemble into hydrogel with the help of 0.05 mg mL ™"
PDA nanoparticles (Fig. 1), which was apparently lower than
7 mg mL ™" (0.7 wt%) required for the native peptide hydrogel.
Meanwhile, an interesting phenomenon occurred once
changing the concentration of PDA nanoparticles. Improving
the PDA concentration to 0.25 mg mL ™" enhanced the rigidity of
the hybrid hydrogel, comparing with the hydrogel in the pres-
ence of 0.05 mg mL~" PDA nanoparticles. But further elevating
the PDA concentration to 1.25 mg mL ™", the oligopeptide could
not self-assemble into hydrogel at 3 mg mL " and a higher
concentration of 5 mg mL ™" was needed (see Fig. S6 in ESIT).
Increasing the PDA concentration to 2.50 mg mL ™", the oligo-
peptide could not form hybrid hydrogel in the observed
concentration range. The reason was as following: PDA nano-
particles could act as cross-linking mediator, which interacted
with the oligopeptide gelator and therefore facilitated the self-
assembly. But excessive PDA nanoparticles would hinder the
effective arrangement of peptide molecules and led to the
failure of hydrogel. Meanwhile, the stability of the oligopeptide
hydrogel was evaluated using thermogravimetric analysis
(TGA). As shown in Fig. S7,1 about 12% weight loss occurred
between 180 and 220 °C, which might be attributed to partial
thermal decomposition of dry gel. Another major weight loss of
25% was observed in the temperature interval from 270 °C to
390 °C, which was caused by completed thermal degradation of
oligopeptide.**

Morphologies of native oligopeptide hydrogel and hybrid
hydrogel were imaged by SEM. SEM image of the diluted oli-
gopeptide hydrogel is shown in Fig. S8 (ESI{), indicating the
entangled nanofibrillar  structure. = Furthermore, the
morphology of hybrid hydrogel was also observed by SEM,
which revealed the co-existence of both PDA nanoparticles and
oligopeptide nanofibers. Interestingly, the PDA nanoparticles
were embedded in the peptide hydrogel matrix, indicating the
potential interaction between PDA nanoparticles and peptide
nanofibers.

To study the intermolecular interaction in the native
hydrogel and hybrid hydrogel, FT-IR experiment was carried out
to probe the intermolecular hydrogen bonding. As shown in
Fig. 2A, the amide A band (NH stretching) at around 3230 cm ™"
instead of around 3400 cm™' was observed, in the backbone

This journal is © The Royal Society of Chemistry 2017
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were involved in hydrogen bonding formation in the native
hydrogel.”> The appearance of the bands at 1632 cm ™" (amide 1)
and 1550 cm ' (amide II) indicated the presence of B-sheet
conformation in the hydrogel.>* Meanwhile, the FT-IR spectrum
of PDA was also recorded and a band centered at around
1630 cm™ ' was found, arising from the oxidation of phenolic
hydroxyl group of dopamine into keto group. The band at
3400 cm ' was attributed to the N-H stretching vibration of
PDA. In addition, PDA-containing hybrid hydrogel showed the
similar characteristic bands with that of native oligopeptide
hydrogel. This suggested that the B-sheet conformation was
preserved even after the incorporation of PDA into the oligo-
peptide hydrogel system.

Solvent and concentration dependent fluorescence experi-
ments of oligopeptide were carried out in hydrosol phase, which
could offer useful information about the interaction of the
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Fig.2 (A) FT-IR spectra of the lyophilized peptide, PDA and peptide +
PDA. (B) Fluorescence spectra of peptides with different concentra-

tions in DMSO and water. (C) Fluorescence spectra of native peptide
and PDA containing peptide solutions.
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aromatic moieties in the gelator molecules. As shown in Fig. 2B,
the fluorescent spectrum of 0.25 mg mL™ ' oligopeptide
exhibited an emission peak at 311 nm in DMSO, where the
oligopeptide molecules were expected to exist in a monomeric
form. Interestingly, an emission centered at 324 nm was
observed in the fluorescent spectrum of 0.05 mg mL™* oligo-
peptide in water, suggesting that the occurrence of self-
aggregation of oligopeptide at a very low concentration. The
peak at 324 nm exhibited further red-shift to 340 nm as the
peptide concentration up to 0.25 mg mL ™. The observed red-
shift of fluorescence emission maximum from 311 nm to
340 nm suggested the contribution of w-m stacking interaction
for oligopeptide self-assembly.

To probe the interaction between PDA and oligopeptide
hydrogel, the fluorescent spectrum of hybrid hydrosol was also
recorded, accordingly. Interestingly, almost all the peptide
fluorescence was quenched after the inclusion of PDA into the
peptide solution (Fig. 2C). The fluorescent disappearance of
original peptide was attributed to the quenching ability of PDA
nanomaterials.***® This suggested the significant interaction
between the PDA nanoparticles and the aromatic moieties in
the gelator molecules.

To investigate the flow behavior and rigidity of the self-
assembled native peptide hydrogel and hybrid hydrogel, small
deformation oscillatory measurement was conducted. Fig. 3A
revealed that G’ of 3 mg mL ™" peptide hydrosol exhibited an
elastic response with a weak dependence on the testing angular
frequency. The G’ value was greater than G” over the entire
tested frequency range (0-100 rad s '), indicating that the
peptide sol had a potential gel property and elastic behavior.
The similar result of G' > G” was also observed in 3 mg mL "
hybrid hydrogel. Interestingly, both the G’ and G” values of
hybrid hydrogel were higher than that of pure peptide hydrosol,
suggesting that the incorporation of PDA into the native
hydrogel would form a more rigid and ‘solid-like’ material. At
a higher weight percent of the PDA (0.50 mg mL '), G’ and G”
values of the hybrid hydrogel increased (Fig. 3B). This result was
consistent with the vial inversion test that elevating the PDA
content within a certain range was in favour of the formation of
hybrid hydrogel. Furthermore, the variation of G’ and G” of
native oligopeptide hydrogel (7 mg mL™") and hybrid hydrogel
(7 mg mL™" of peptide and 0.25 mg mL ™" of PDA) was also
recorded as a function of applied frequency sweep, which
further indicated that the interconnection of PDA and peptide
gelator could improve the strength of hydrogel (Fig. 3C).

It has been well documented that phenolic compounds can
effectively quench active radicals via an electron transfer
process.*”*® It is natural to assume that PDA nanoparticles with
phenolic groups can scavenge free radicals. 2,2-Diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging activity of PDA nano-
particles was conducted. As shown in Fig. 4A, the original purple
of pure DPPH solution faded once adding the PDA nano-
particles, indicating the rapid capture of free radical from DPPH
by PDA nanoparticles. Meanwhile, free radical scavenging
activity of PDA nanoparticles exhibited a dose-dependent
manner. The quantitative analysis of free radical scavenging
activity was conducted by monitoring the decrease in absorbance
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Fig. 3 Frequency dependence of the dynamic storage moduli (G') and
the loss moduli (G”) of native hydrogels and the PDA bearing hybrid
hydrogels with different concentrations.

at 516 nm. At a very low PDA concentration of 7.5 ug mL™%,
59.2% of free radical could be captured within 5 min. Notably,
98.2% of free radicals were scavenged by PDA nanoparticles with
a concentration of 15 pg mL ™" within the same time.

An elevated level of free radical has been implicated in the
development and progression of inflammatory response, which
is detrimental for the recovery of wound healing. Inflammation
is presumably associated, at least in part, with the generated
free radical species.*** To verify the free radical scavenging
activity of the hybrid hydrogel, DPPH assay was also carried out,
accordingly. Similar with pure PDA nanoparticles, the hybrid
oligopeptide hydrogel could also rapidly scavenge the free
radical. Using 0.1 mg mL ™" of DPPH as the free radical model,
for instance, 86.2% of free radicals were captured by the hybrid
hydrogel in the first 5 min (Fig. 4B). Incubation with hybrid
hydrogel for 30 min, nearly 90% of free radicals were scavenged
even at a high concentration of 0.25 mg mL ™' DPPH (see Fig. $9
in ESIt). These results showed the great potential of the PDA-
bearing hybrid hydrogel for anti-inflammation.
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Fig. 4 DPPH radical scavenging activity of synthetic PDA nano-
particles (A) and PDA-bearing hybrid hydrogel (B).

Conclusions

In summary, a novel hybrid oligopeptide hydrogel with excel-
lent free radical scavenging activity was successfully fabricated
by introducing PDA nanoparticles into the native peptide
hydrogel. In the presence of PDA as cross-linking mediator, the
hybrid hydrogel holds a low CGC value in comparison to native
oligopeptide hydrogel. Due to the cooperation of -7 stacking
and hydrogen bonding interactions between aromatic oligo-
peptide and PDA, the rigidity of the formed hybrid hydrogel has
also been improved. Specially, this PDA bearing hybrid hydrogel
can efficiently mediate free radical scavenging, which shows
great promise for biomedical materials, especially for wound
dressing due to the robust adhesion, anti-inflammation,
biocompatibility and bioactivity.
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