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ABSTRACT: Myocardial ischemia−reperfusion produces a large amount of reactive oxygen species (ROS), which damage the
myocardial tissue. Therefore, localized scavenging of ROS from the myocardial tissue would reduce its damage and avoid metabolic
abnormalities caused by systemic ROS. In this study, a free radical scavenging and biodegradable supramolecular peptide (ECAFF,
named as ECF-5) hydrogel was designed as a culture scaﬀold for cardiomyocytes. The peptide hydrogel signiﬁcantly preserved the
migration and proliferation of cardiomyocytes and reduced their damage from oxidative stress. In addition, the hydrogel degraded
during cell growth, which implies that it may avoid thrombosis of the capillaries in practical use and provide the opportunity for the
cells to attach to each other and form a functional tissue. The hydrogel can be used as a 3D culture scaﬀold for cardiomyocyte
culture and allow cardiomyocytes to grow into tissue-like cell spheres. The excellent nature of the ECF-5 hydrogel enables it to have
broad applications in the biomedical ﬁeld in the future.
KEYWORDS: reactive oxygen species, peptide hydrogel, cardiomyocytes, cell culture scaﬀold

1. INTRODUCTION
In the United States, every year millions of people reportedly
suﬀer from a myocardial infarction (MI).1 MI is a myocardial
necrosis caused by temporary or persistent hypoxia of the
coronary arteries, in which myocardial tissues lack the
regenerative ability to support the infarcted myocardial cells
and gradually lose contractile function, resulting in heart
failure.2,3 Many studies have identiﬁed that reactive oxygen
species (ROS) are widely involved in left ventricular
remodeling processes.4−7 Injury of local cardiomyocytes
reduces their antioxidative abilities.8 Furthermore, in the case
of ischemia−reperfusion, myocardial tissues contribute to a
large amount of ROS.9,10 ROS serve as a pro-inﬂammatory
mediator that induces production of inﬂammatory cytokines,
whereby the inﬂammatory cytokines promote ROS production,11 which triggers a chain reaction producing ROS12 and
accelerates apoptosis of cardiomyocytes. Thus, ROS, as a key
factor in inducing apoptosis, directly damages myocardial
tissue.4
Antioxidant treatment can locally scavenge excess ROS in
the MI region and improve cardiac function after MI,13
© 2020 American Chemical Society

although systemic ROS scavenging is not feasible, since ROS
participate in physiological metabolism as intracellular signaling molecules.14 Numerous strategies have been recruited to
reduce the excessive accumulation of ROS in cardiomyocytes.
For instance, nanoparticles have been designed to respond to
local features, such as low pH, to release ROS scavengers in
desired locations.15 Copolymer hydrogels that contain 2,2,6,6tetramethylpiperidine-1-oxyl (TEMPO) have been used to
scavenge local ROS and treat myocardial ischemia−reperfusion
injury.16
In addition, myocardial tissue engineering that relies on stem
cells has proven to be promising for myocardial infarction
treatment.17−21 However, it is limited by a series of factors,
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spectral resolution of 4 cm−1. The measurement was repeated at least
30 times. All resulting spectra were corrected for blank backgrounds at
approximately sample absorption. Spectra were processed using the
software OMNIC 9.2 (Thermo Fisher) for smoothing and normalization.
2.3. Circular Dichroism (CD) Spectroscopy. The secondary
structures of the peptides were analyzed using a 0.1 cm quartz cell on
a Chirascan (Applied Photophysics) with a step size of 1 nm and a
bandwidth of 1 nm over a range of wavelengths from 185 to 260 nm.
In order to avoid the eﬀect of DMSO on the CD spectrum, the ECF-5
peptide was dissolved in PBS at a pH of 10.0 and the solution was
then adjusted to a pH of 4.0 to form the hydrogel. The spectra of the
peptide solution and the hydrogel were recorded. Each curve was
averaged from three parallel measurements.
2.4. Thioﬂavin T (ThT) Fluorescence Measurement. ThT was
dissolved in PBS (100 μM) and then mixed with ECF-5 peptide
dissolved in DMSO (ﬁnal concentration 1 mg/mL) to a ﬁnal
concentration of 20 μM. The ThT ﬂuorescence emission intensity at
480 nm was dynamically monitored at an excitation wavelength of
440 nm using a spectrophotometer (Edinburgh Instruments FS920).
2.5. Rheometry. The dynamic time sweep rheological analysis of
the peptide hydrogels was conducted on an MCR302 (Anton Paar
GmbH) with a 25 mm aluminum parallel plate. The temperature
during measurement was controlled at 25 °C. Frequency sweeps were
recorded using a controlled strain of 0.3%. Strain sweeps were
recorded using a frequency of 10 rad/s. Strain sweeps were recorded
using a controlled frequency of 100 rad/s.
2.6. Cardiomyocyte Culture. Cardiomyocytes H9c2(2-1) of
Rattus norvegicus rats were purchased from ATCC. The cells were
cultured in DMEM media containing 10% fetal bovine serum and 1%
penicillin−streptomycin at 37 °C in atmosphere containing 5% CO2.
For 3D culture, the cells were suspended in DMEM at a
concentration of 1 × 107/mL, mixed with the ECF-5 solution, and
allowed to undergo gelation for 5 min at room temperature. Then, the
cell−hydrogel mixture was immersed in the medium at 37 °C for 30
min. The medium was replaced with fresh media every 2 days.
2.7. Electron Spin Resonance (ESR). ESR spectra were recorded
using a JES-FA200 spectrometer (JEOL) operating at X-band with a
100 kHz modulation frequency, as described previously.38 Hydroxyl
radicals were produced by the Fenton reaction. Brieﬂy, the ECF-5
peptide hydrogel was prepared with 200 μM FeSO4 aqueous solution,
in which DMPO (4% volume fraction) and 10 μL of H2O2 (200 μM)
were added before testing. White actinic light from a halogen lamp
was used to excite the riboﬂavin to produce superoxide radicals. In
order to avoid the inﬂuence of hydroxyl radicals in water, a mixture of
riboﬂavin (3 mM), ECF-5, and DMPO (4% volume fraction) was
placed in a methanol solution, and the samples were illuminated for
30 s before testing.
2.8. Free Radical Scavenging Eﬀect in Vitro. 2.8.1. Scavenging
Eﬀect on Hydroxyl Free Radicals. The hydroxyl radicals generated by
the Fenton reaction were employed to determine the scavenging
ability of ECF-5 or glutathione.25,38,39 The change in the content of
hydroxyl radicals in the solution was measured. First, 250 μL of
FeSO4 (10 mM) was mixed with 250 μLof 1,10-phenanthroline (10
mM) and 200 μL of Tris-HCl (50 mM, pH = 7.4). Then, 100 μL of
H2O2 (15 mM) or DI water (blank group) and 300 μL of ECF-5
peptides at diﬀerent concentrated solutions or DI water (control
group) were added, followed by incubation for 30 min in a 37 °C
water bath. Each experimental group set up three independent parallel
samples. Absorbance was recorded at 510 nm by a U-3010
spectrophotometer (Hitachi). The scavenging eﬀect on hydroxyl
radicals was calculated using eq 1:

including excessive ROS in the MI area, which leads to the
death of most stem cells after transplantation.22,23 Natural
polymeric materials have been used as a cell culture scaﬀold for
myocardial engineering, such as collagen,24 chitosan,25
alginate,26 ﬁbrin,27 and hyaluronic acid hydrogels,28 and
functional groups with ROS-scavenging ability have been
grafted onto the natural polymers. For example, Li et al.
employed glutathione-grafted chitosan to eﬀectively reduce
ROS injury in cardiomyocytes.25 Nevertheless, the hemocompatibility of covalently modiﬁed polymers remains to be
veriﬁed, as the polymer hydrogel enters the bloodstream and
causes clogging of blood vessels.29
Peptides have unique properties in the design of biomaterials
as they can serve as a chemical cue to direct the cell fate.30,31
Peptide hydrogels, which are formed by peptide monomers via
noncovalent self-assembly, possess ordered superstructures and
have shown good biocompatibility, biofunctional diversity, and
responsiveness.32−34 These features have endowed the peptide
hydrogels with great potential in various biomedical
applications in the past years.35 For instance, short peptides
Fomc-FF and Fmoc-RGD have been used as a threedimensional (3D) culture platform for cells and were found
to promote cell proliferation and diﬀerentiation.35,36 We
propose that it is also possible to develop radical scavenging
and biodegradable peptide hydrogels as a 3D culture scaﬀold
for cardiomyocytes, which will be valuable in MI treatment.
Previously, hydrogels formed by enzymatic cyclic peptides have
proved to be useful in the rat MI model,29 although reduction
of localized ROS in myocardial infarction has not been
realized.
In this article, we report a short peptide (ECAFF), named
ECF-5, that is capable of rapidly forming self-supporting
hydrogels with a storage modulus close to 10 KPa and a certain
mechanical force tolerance. The ECF-5 hydrogel showed
excellent biocompatibility and biodegradability but no
cytotoxicity to cardiomyocytes. It can be used as a 3D culture
scaﬀold for cardiomyocytes. The peptide hydrogel was found
to encapsulate the cardiomyocytes and suppress local excess
accumulation of ROS in the cardiomyocytes. It was found that
the peptide hydrogel scavenged both oxygen free radicals and
hydroxyl radicals from the environment and, thus, decreased
the damage in cardiomyocytes caused by oxidative stress and
maintained the normal physiological functions of the cells. In
addition, the hydrogel was found to be degradable during
growth of the cardiomyocytes. These features enable the ECF5 hydrogel to have great potential in biomedical applications.

2. MATERIALS AND METHOD
2.1. Synthesis of ECF-5 Peptide and Preparation of ECF-5
Hydrogels. ECF-5 peptide was synthesized using standard Fmoc
solid phase peptide synthesis, following the same procedure described
previously.37 The peptide was freeze-dried, and the purity was veriﬁed
by HPLC and analytical C-18 (Kromasil-C18, 4.6 mm × 250 mm).
The synthesis of ECF-5 was also veriﬁed by ESI-MS. The peptide was
dissolved in DMSO as a gel preform solution at a concentration of
200 mg/mL. Then, the PBS or cell culture medium was added with a
pipet to 1% (w/w), and the mixed solution was maintained at room
temperature for 5 min to form the ECF-5 hydrogel.
2.2. Fourier Transform Infrared Spectroscopy. The ECF-5
hydrogel and solution (dissolved in DMSO) were dried and ground
with dry potassium bromide and were then pressed into a transparent
sheet. The absorption spectra of the samples were recorded at the
wavelength ranging from 400 to 3800 cm−1. The FTIR spectra were
recorded using a FTIR spectrometer (Bruker, TENSOR II) at a

A sample − A blank zy
ji
zz × 100
scavenging effect (%) = jjj1 −
zz
j
A
control − A blank {
k

(1)

2.8.2. Scavenging Eﬀect on Super Oxidant Free Radicals.
Pyrogallol undergoes auto-oxidation under weak alkaline conditions
to form superoxide radicals and colored intermediates with a
maximum absorption peak at 320 nm. The superoxide radical
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Figure 1. Morphology of ECF-5 hydrogel. (A) Chemical structure of ECF-5 peptides. (B) Picture of a 1.5% ECF-5 hydrogel. (C) AFM height
image of the ECF-5 hydrogel deposited on mica substrate after 100-fold dilution of the 1% ECF-5 hydrogel with PBS. (D) AFM height image
indicating the surface morphology of a 1% ECF-5 hydrogel. The inset is a zoom-in image of the hydrogel surface. (E) SEM image of a 1% ECF-5
hydrogel. (F) Schematic representation of ECF-5 molecules that form nanoﬁbers and hydrogels. The scale bars in C, D, and E represent 500 nm.
ﬂuorescence confocal microscope (ex/em: 488/517−527 nm). Each
experimental group set up three independent parallel samples.
For the 3D cell culture with hydrogel, the cardiomyocyte H9c2(21) monolayer was digested and the cells were centrifuged at 1200 rpm
for 3 min and then resuspended in PBS. Then, the cells were
incubated with Carboxy-H2DCFDA (ﬁnal concentration 50 μM) for
30 min, followed by being centrifuged at 1200 rpm for 3 min, and at
last resuspended in PBS for 10 min at 37 °C. Thereafter, H2O2 or DI
water was added to the medium to a ﬁnal concentration of 4 mM to
generate oxidative stress. The ECF-5 peptide in the DMSO solution
(200 mg/mL) was diluted with PBS to form 1% wt. peptide hydrogel.
Next, the hydrogel was mixed with the cell culture system and
incubated for 30 min at 37 °C. The 3D culture system was observed
using a ﬂuorescence confocal microscope. The Fmoc-FF peptide was
used as a negative control, since the Fmoc-FF hydrogel was reported
to be used as a 3D cell culture.35 Fluorescent images were taken, and
an average cell ﬂuorescent intensity was calculated by dividing the
total cell ﬂuorescent intensity by the total area of cells. Each
experimental group set up three independent parallel samples.
2.12. Cell Dye Imaging. A cell assay kit (Abcam, ab115347) was
used to image the live and dead cells. The dye labels intact cells in
green and dead cells in red. The cell nuclei were stained with Hoechst
33342 (10 μM). The H9c2(2-1) cell monolayer was incubated with
dye for 15 min, and excess dye was washed away with PBS prior to
imaging. The cells in the hydrogel were stained for 6 h, and the excess
dye was washed away with fresh DMEM medium for 1 h under cell
culture conditions.
2.13. MTT Assay. The cardiomyocyte H9c2(2-1) cells were
seeded at a density of 1 × 104 per well in a 96-well plate and cultured
in MEM medium with 10% fetal bovine serum. Cells adherent were
incubated at 37 °C under an air atmosphere with 5% CO2. Then,
ECF-5 hydrogels with diﬀerent concentrations were added into the
culture dishes. The cell viability was measured using the MTT assay,
based on the conversion of MTT to formazan crystals by
mitochondrial dehydrogenases. In brief, cell cultures were incubated
with MTT solution (20 μL; 5 mg/mL) for 4 h at 37 °C. Then, the
culture supernatant was carefully taken from the well and DMSO
(150 μL) was added and shaken for 10 min to dissolve formazan
crystals. Each experimental group set up three parallel wells.
Absorbance at 570 nm was measured with a microplate reader
(VersaMax Microplate Reader).
2.14. Scratch Wound Healing Assay of Cardiomyocytes. It is
well-known that ROS aﬀects the recovery of myocardial injury areas.
Thus, in the present study, the healing ability of the wounded

scavenger can reduce the accumulation of intermediates; thus, the
removal eﬃciency of scavengers on superoxide free radicals can be
evaluated by measuring absorbance at 320 nm. The reaction mixture,
containing 4.5 mL of Tris-HCl (100 mM, pH = 8.2) and 1 mL of
ECF-5 peptides solution, was incubated for 20 min at 25 °C. DI water
was used as a control in the blank group. Then, 0.4 mL of pyrogallol
(50 mM) was added into the mixture and its absorbance at 320 nm
was measured after 4 min at 25 °C in the dark. The ability to scavenge
superoxide radicals was calculated using eq 2:

A sample − A sample − blank zy
ji
zz × 100
scavenging effect (%) = jjj1 −
zz
j
Acontrol
k
{

(2)
2.9. Atomic Force Microscopy (AFM). An AFM (Multimode
Nanoscope VIII, Bruker) equipped with a J scanner was employed to
reveal the morphologies of the ECF-5 peptide and hydrogel.
Experiments were performed in tapping mode in air. Silicon
cantilevers with a nominal spring constant of 48 N m−1 (XSC11,
MikroMasch) were used. Before AFM imaging, a drop of 10 μL of the
sample was placed on a freshly cleaved mica substrate, allowed to
absorb for 5 min, and then washed with water, followed by air drying.
2.10. Scanning Electron Microscopy (SEM). The hydrogel was
cut into pieces with a thickness of 100 μm using a cryostat and ﬁxed
with 2.5% glutaraldehyde in PBS for 1 h, and was then serially
dehydrated with 10%, 30%, 50%, 70%, 90%, and 100% ethanol, each
for 10 min. Samples were replaced with 100% acetonitrile and dried
under a vacuum. The samples were sputter coated with gold prior to
examination using a ﬁeld-emission SEM (5 kV, LEO 1530VP).
2.11. Eﬀect of ECF-5 Peptide Hydrogel on Oxidative Stress
in Cardiomyocyte Cells. Carboxy-H2DCFDA (purchased from
Thermo Fisher Scientiﬁc) is a molecular probe that oﬀers derivatives
of reduced ﬂuorescein and calcein as cell-permeant indicators for
ROS.40
The cardiomyocytes H9c2(2-1) were cultured in DMEM medium
with 10% fetal bovine serum, 1% penicillin−streptomycin, and 1% Lglutamine. Cells were incubated for 24 h at 37 °C under an air
atmosphere with 5% CO2. The adherent cells were washed by PBS
and then incubated with Carboxy-H2DCFDA dissolved in DMSO
(ﬁnal concentration of Carboxy-H2DCFDA is 50 μM) in PBS for 30
min at 37 °C, and then, the mixture solution was removed and
incubated with PBS for another 10 min. Cells incubated with diﬀerent
concentrations of ECF-5 hydrogel were prepared using 2 mM H2O2
dissolved in PBS for 30 min at 37 °C and were observed using a
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Figure 2. Spectroscopic and rheological properties of ECF-5 hydrogel. (A) FTIR spectra of ECF-5 in the solution and gel states. (B) FTIR spectra
of ECF-5 hydrogel at wavenumbers in the range 2500−2700 cm−1. (C) CD spectra of ECF-5 in the solution and gel states. (D) Change in ThT
ﬂuorescence intensity during the transition of the ECF-5 from the solution state to the gel state. (E) Frequency and (F) strain dependence of the
storage moduli (G′) and the loss moduli (G′′) of the 1% ECF-5 hydrogels.
cardiomyocytes was examined by treating cardiomyocytes in the ROS
environment with ECF-5 hydrogel. Cardiomyocytes H9c2(2-1) were
seeded in a 6-well plate and grown to 80%−90% conﬂuency. Then,
scratches were made in the cell monolayer using a tip of a 10 μL pipet.
The suspended cells were washed away with PBS, and ECF-5
hydrogels with diﬀerent concentrations containing 400 μM H2O2
were added in the plate. Cells grown in the scratched areas were
counted at the culture time periods of 0, 12, and 24 h in situ,
respectively, using a CCD. ImageJ software was used to measure the
area of cell proliferation at the designated time period as compared to
the area of cell proliferation at 0 h. Each experimental group set up
three independent parallel samples, and each sample was analyzed in
three areas.
2.15. ECF-5 Hydrogel Degradation Assay. The cardiomyocytes
H9c2(2-1), which were separated using a 0.25% trypsin-EDTA
solution and were seeded at a density of 1 × 106/mL, were mixed with
ECF-5 hydrogel at diﬀerent concentrations. Afterward, the mixtures
were dropped into hanging bracket dishes (60 mesh) (Figure S1)
using a dropper and dried at 80 °C to a constant dry weight (W0).
The holes on the dishes have a diameter of 0.42 mm. The dishes with
24-wells were cultured in DMEM medium with 1% fetal bovine
serum, 1% penicillin−streptomycin, and 1% L-glutamine. Cells were
incubated at 37 °C under an air atmosphere with 5% CO2. Then, the
mixtures with dishes were dried at 80 °C to a constant dry weight
(W1). The hydrogel degradation was quantiﬁed by the loss of the
hydrogel dry weight. ECF-5 hydrogel was degraded during cell
culture, and the hydrogel particles with a diameter smaller than 0.42
mm would remain in the culture media. Only the hydrogel particles
greater than 0.42 mm were counted. Each experimental group set up
three independent parallel groups. The hydrogel degradation was
calculated according to the following eq 3:41

hydrogel residual weight (%) =

W1
× 100
W0

3. RESULTS AND DISCUSSION
3.1. Physicochemical Properties of the ECF-5 Hydrogel. Twin-phenylalanine (Phe−Phe) sequences have a
considerable tendency to nucleate and undergo a self-assembly
process.35,42 In the case of ECF-5 (Figure 1A), it consists of a
Phe−Phe motif and a sequence of ECA, which has a thiol
group in its side chain. Therefore, ECF-5 is expected to be able
to self-assemble and foster free radical reducing activity.
Indeed, ECF-5 peptide that was dissolved in DMSO was found
to quickly form a self-supporting translucent hydrogel when it
was transferred to the aqueous phase (1% w/w ﬁnal
concentration) (Figure 1B). It was found that the ECF-5
peptide self-assembled into nanoﬁbers in an aqueous solution,
where it further formed nanoribbons (Figure 1C). Parts D and
E of Figure 1 are the AFM and SEM images, respectively,
which revealed that the gel consisted of peptide ﬁbers crosslinked to each other. The Phe−Phe motif has strong π−π
stacking and hydrophobic interactions;43 therefore, it is
speculated that ECF-5 in the nanoﬁbers forms a β-sheet
structure (see structural study hereafter) (Figure 1F).
FTIR spectra of the ECF-5 hydrogel and solution (dissolved
in DMSO) were collected between the wavenumbers of 1580
and 1760 cm−1. It was found that the absorbance of the ECF-5
in hydrogel increased signiﬁcantly from 1635 to 1590 cm−1,
indicating an increase in β-sheet structure and aggregated
strands of ECF-5 hydrogel (Figure 2A), as the peaks
represented the β-sheet structure and the aggregated strands
at 1625−1640 and 1610−1628 cm−1, respectively.44 The FTIR
spectra showed a distinct sulfhydryl signal at 2500−2600 cm−1
(Figure 2B), indicating that the thiol group of ECF-5 was not
oxidized during self-assembly. However, when the thiol group
was oxidized by H2O2, the peptide solution with a same
concentration did not form hydrogel but remained in a
solution state (Figure S2). AFM imaging indicated that the
oxidized peptide also self-assembled into nanoﬁbers in the

(3)

2.16. Statistical Analysis. All data are expressed as mean ± SD
(the standard deviation). Pairwise comparisons were performed using
the Student’s t test. Statistical analyses were performed with
GraphPad Prism software version 8.0. A value of *p < 0.05 or #p <
0.005 and **p < 0.005 or ##p < 0.005 were considered statistically
signiﬁcant.
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solution (Figure S3). These results prove that thiol group of
ECF-5 is important for the peptide to form hydrogel.
The CD spectra of the ECF-5 hydrogel and the peptide
solution in PBS were also collected at the wavelengths between
195 and 260 nm. The spectrum of the ECF-5 in the solution
state was found to be dominated by random coils (Figure 2C).
The ECF-5 in hydrogel showed a positive peak at 200 nm, and
the peak at 218 nm was signiﬁcantly weakened as compared to
that of the ECF-5 in the solution state, which indicated that the
peptide was in a β-sheet structure45 (Figure 2C). In addition,
ThT ﬂuorescence was used as a molecular probe to detect the
β-sheet structure46 when the ECF-5 formed the hydrogel. ThT
ﬂuorescence intensity was found to increase (Figure 2D) after
the ECF-5 solution (in DMSO) was mixed with PBS and
reached equilibrium within 1 h. These results conﬁrm the
hypothesis that the ECF-5 peptide in hydrogel has a secondary
structure of β-sheet.
The macroscopic viscoelasticity of the ECF-5 hydrogel was
analyzed using rheology. As shown in Figure 2E, the storage
moduli (G′) and loss moduli (G′′) were plotted versus various
frequencies at 0.3% strain. As can be seen, the ECF-5 hydrogel
has weak correlation with frequency. The G′ is close to 10 KPa,
and it exceeds those of G′′ by a factor of 10 (Figure 2E). These
results indicate that the ECF-5 hydrogel is viscoelastic and
behaves as a typical hydrogel. The storage moduli (G′) and
loss moduli (G′′) were also plotted against strain level at a
frequency of 100 rad/s (Figure 2F), which shows that the G′
and G′′ maintain an almost constant strain ranging from 0.1%
to 1.1%, with the value of the hydrogel G′ about 10 times
greater than the value of G,” which indicates that the ECF-5
hydrogel is a typical viscoelastic hydrogel. These results
indicate that the ECF-5 hydrogel was resistant to external
force.
3.2. Ros Scavenging Ability of the ECF-5 Hydrogels.
The ability of the ECF-5 hydrogel to scavenge hydroxyl
radicals produced by the Fenton reaction39 was evaluated.
First, ESR was used to study the amount of hydroxyl radicals in
the solution using 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a spin trap to catch the hydroxyl radicals.39,47,48 As can be
seen in Figure 3A, the ESR spectra shows four peaks with a
relative intensity of 1:2:2:1, which is a typical hydroxyl radical
signal. The addition of ECF-5 hydrogel resulted in a signiﬁcant
reduction in ESR peaks, which was strongly correlated with
ECF-5 concentration (Figure 3A), indicating that the ECF-5
hydrogel could scavenge hydroxyl radicals. The hydroxyl
radicals in the solutions were also detected by measuring the
OD 510 nm value of the 1,10-phenanthroline−Fe2+ complex.38
The hydroxyl radical scavenging ability of the ECF-5 hydrogel
was evaluated by comparing it to glutathione, which also
contains a thiol group. The results showed that ECF-5 and
glutathione had similar scavenging abilities in terms of
scavenging the hydroxyl radicals, of which both positively
correlated with their concentrations (Figure 3B).
In addition, the potential ability of the ECF-5 hydrogel to
scavenge superoxide radicals that were produced from
illuminated riboﬂavin was evaluated. The superoxide was also
captured using DMPO as a spin trap. As can be seen in Figure
3C, the ESR spectra shows four peaks with a relative intensity
of 1:2:2:1, which is a typical superoxide radical signal. After
adding ECF-5 hydrogel into the system, a strong scavenging
ability to superoxide radicals was revealed, which was also
positively correlated with hydrogel concentration. The ECF-5
hydrogel also shows the ability to scavenge superoxide radicals

Article

Figure 3. Free radical scavenging ability of ECF-5 hydrogel. (A) ESR
signals of the hydroxyl radicals generated by the Fenton reaction in
the presence of ECF-5 hydrogels with diﬀerent concentrations. The
inset shows the histogram of the value of the second peak. (B)
Hydroxyl radical scavenging rates of ECF-5 hydrogel and glutathione.
The hydroxyl radicals were determined by measuring the absorbance
value of the 1,10-phenanthroline−Fe2+ complex at 510 nm. (C) ESR
signals of the superoxide free radicals generated by the illuminated
riboﬂavin in the presence of ECF-5 hydrogels with diﬀerent
concentrations. The inset shows the histogram of the value of the
ﬁrst peak. (D) Superoxide radical scavenging rates of ECF-5 hydrogel
and glutathione. The superoxide radicals were generated by pyrogallol
autoxidation.

that are produced by auto-oxidation of pyrogallol under
alkaline conditions, an ability that is close to glutathione
(Figure 3D). These results indicate that the thiol group on the
ECF-5 was not oxidized during the formation of the hydrogel,
which is consistent with the FTIR result (Figure 2B).
3.3. 3D Culture of Cardiomyocyte in ECF-5 Hydrogel.
The cytocompatibility of the ECF-5 hydrogel was evaluated by
the cell proliferation rate and cell viability on glass (Figure 4A).
The 1% ECF-5 hydrogel was injected onto the surface of a
monolayer of the growing cardiomyocytes H9c2(2-1), which
were further cultured for 6, 24, and 48 h. By ﬂuorescent
staining the cells, no dead cells (red) were detected in the ﬁeld
of view (Figure 4B−D), which indicated that the cells
proliferated normally with the presence of the ECF-5 hydrogel
in the medium and that the hydrogel had no eﬀect on cell
cytotoxicity. The MTT proliferation assay further conﬁrmed
that the ECF-5 hydrogel has good cytocompatibility (Figure
4E), as it had little eﬀect on cardiomyocyte viability and
proliferation within 48 h. An extended culture of the
cardiomyocytes H9c2(2-1) would result in fusing into
multinucleated myotubes (Figure S4).
Peptide self-assembling hydrogels can be used as a 3D
scaﬀold for cell culture.49 In this study, the ECF-5 hydrogel
was also used as 3D culture scaﬀold for cardiomyocytes. The
cardiomyocyte H9c2(2-1) suspension in DMEM was mixed
with ECF-5 solution, which formed a cell−hydrogel system
within a few minutes. The 3D growth of the cardiomyocyte
cells in the hydrogel was monitored. Results indicate that the
cardiomyocytes grew freely in the ECF-5 hydrogel and the cell
viability was not aﬀected (Figure 5). The living cells (green in
the ﬂuorescent images) in the ECF-5 hydrogel had clear
boundaries. No dead cells were observed. From Figure 5E,
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Figure 4. Cardiomyocyte compatibility of the ECF-5 hydrogel. (A) Schematic drawing indicating that the ECF-5 hydrogel was added after the cells
were attached to the glass surface. (B−D) Fluorescent images of the cardiomyocytes that were incubated with 1% ECF-5 hydrogel for (B) 6, (C)
24, and (D) 48 h, respectively. In the images, living cells have been displayed as green, nuclei of the dead cells as red, and Hoechst 33342 stained
nuclei as blue. The scale bars represent 75 μm. (E) MTT cell viability and proliferation assay showed that the ECF-5 hydrogel had little eﬀect on
cardiomyocytes at 48 h. Columns represent the mean of individual measurements ± SD (N = 3).

Figure 5. 3D culture of cardiomyocytes in the ECF-5 hydrogel. (A) Schematic drawing of the cells that were buried in the ECF-5 hydrogel. (B−E)
Fluorescent images of the cardiomyocytes in the 3D culture medium containing ECF-5 hydrogel, revealing the cell viability and morphology after
being in the culture for (B) 6 h, (C) 3 day, and (D) 7 days, respectively. (E) Diameters of the cell spheres in 3D culture. Date was averaged from
three independent parallel experimental groups. Green, living cells; Red, nuclei of the dead cells; Blue, nuclei stained by Hochest 33342. The scale
bars represent 25 μm.

single cardiomyocytes with diameters of ∼20 μm grew to cell
spheres with diameters of ∼115 μm in 3 days and ∼157 μm in
7 days, respectively. It is clear that the growth rate of the
sphere diameter decreased along with time. This is diﬀerent
from the situation in 2D cell culture, probably due to the fact
that nutrients were more diﬃcult to penetrate into the large
cell spheres.
The morphologies of the cardiomyocytes growing in the
ECF-5 hydrogel was also investigated with SEM. The SEM
image shows the cells embedded in the network of ECF-5
ﬁbers (Figure 6). In addition, the SEM study indicated that the

pores sizes around the cardiomyocytes is approximately 18−
280 nm (Figure 6), which is similar to the natural extracellular
matrix conducive to promoting endothelial cell adhesion and
capillary formation.29
The above results indicate that the ECF-5 hydrogel has good
cytocompatibility to cardiomyocytes and therefore does not
have physiological toxicity to myocardial tissues. In addition,
the cells encapsulated in the hydrogel grew rapidly to form cell
spheres in a short period of time. It is worth noting that the
formed cell spheres were able to reattach (Figure S5), a feature
that would increase the retention rate of implanted cells and
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hydrogel is much higher than that of the TEMPO containing
copolymer as reported by Zhu et al.16
Previously, Fmoc-FF hydrogels have been reported as 3D
scaﬀolds for cell cultures.35 In this study, the Fmoc-FF
hydrogel was also recruited as a 3D culture scaﬀold as a
control. When H2O2 was added to the Fmoc-FF hydrogel to a
concentration of 4 mM, intracellular ROS were produced. It
was found that the Fmoc-FF hydrogel did not provide a
protective eﬀect for cardiomyocytes under excess ROS (Figure
7F). In contrast, the ROS was almost completely scavenged by
the ECF-5 hydrogel (Figure 7G), as featured by the
intracellular ROS ﬂuorescence intensity that was similar to
that of the control group (Figure 7E). The averaged
intracellular ﬂuorescence intensities shown in Figure 7H
further emphasize the strong intracellular ROS scavenging
ability of the ECF-5 hydrogel as compared to that of the FmocFF hydrogel.
The above results indicate that ECF-5 hydrogel is able to
scavenge ROS and can signiﬁcantly reduce oxidative stress in
2D and 3D cardiomyocyte cultures. These results suggest that
the ECF-5 hydrogel may have potential for application as a
ROS scavenger in myocardial infarct areas. When used as a cell
scaﬀold for myocardial tissue engineering, it may increase the
survival rate of implanted cells in high ROS environments.
3.5. Healing Eﬀect of ECF-5 Hydrogel on Wounded
Cardiomyocytes in ROS Environment. Oxidative stress can
cause a decrease in myocardial cell viability and enlargement of
the MI area.4 Here, the scratch wound healing experiment50 of
cardiomyocyte monolayers was used to simulate the healing
ability of cardiomyocytes under oxidative stress by monitoring
the ability of cardiomyocytes to migrate and proliferate in the
presence of the ECF-5 hydrogel.

Figure 6. SEM images of the cardiomyocytes in the ECF-5 hydrogel.
(A) SEM image showing the cardiomyocytes and the extracellular
matrix that was composed of 1% ECF-5 hydrogel. (B) Magniﬁed view
of the area highlighted with an orange square in (A). (C) Magniﬁed
view of the area highlighted with a blue square in (A).

facilitate the fusion of the implanted cells in the myocardial
tissue. These results indicate that ECF-5 hydrogels can be
considered as good cell scaﬀolds for myocardial tissue
engineering. In the future it would be very interesting to
check the functional outputs of the cardiomyocytes cultured
with the ECF-5 hydrogel.
3.4. ROS Scavenging Eﬀect of ECF-5 Hydrogel in
Cardiomyocytes. In order to investigate the ability of the
ECF-5 hydrogel to scavenge ROS in cardiomyocytes, the
carboxy-H2DCFDA ﬂuorescent probe was used to investigate
the ﬂuorescence intensity of intracellular ROS. A monolayer of
cardiomyocytes was attached to the surface of the glass, and
ROS in intracellular were derived by adding 2 mM H2O2. It
was shown that the cardiomyocytes produced strong ROS
ﬂuorescence intracellularly (compare Figure 7A with B).
However, the addition of the ECF-5 hydrogel into the medium
reduced ∼70% of the ROS ﬂuorescence intensity (Figure
7C,D). The free radical scavenging eﬃciency of ECF-5

Figure 7. ECF-5 hydrogel reduced ROS damages in cardiomyocytes. (A−D) Fluorescent images of the cardiomyocyte monolayer after intracellular
ROS were stained with carboxy-H2DCFDA. (A) Cells treated with H2O but not H2O2 were used as controls. (B) Cells treated with 2 mM H2O2.
(C) Cells cultured in 1% ECF-5 hydrogel that was formed in 2 mM H2O2. (D) Averaged intracellular ﬂuorescence intensity, which was calculated
by dividing the total cell ﬂuorescent intensity by the total area of cells (N = 3). (E−H) Fluorescent images of the cardiomyocyte monolayer after
the intracellular ROS were stained with carboxy-H2DCFDA. (E) Cells that were encapsulated in the Fmoc-FF hydrogel were used as controls. No
H2O2 was added. (F) Cells proceeded to be cultured in the Fmoc-FF hydrogel that was formed in 4 mM H2O2. (G) Cells were cultured in 1%
ECF-5 hydrogels that were prepared with 4 mM H2O2. (H) Average intracellular ﬂuorescence intensity. N = 3 with more than 17 cells in each
group. The scale bars represent 25 μm. **p < 0.005 compared with H2O control groups; ##p < 0.005 compared with H2O2 control groups.
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Figure 8. Cell scratch wound healing assays. (A) Cell scratch wound healing assay results showed the eﬀect of ECF-5 hydrogel on cardiomyocytes
migration and proliferative viability in the ROS environment. The scale bar is 0.5 mm. (B) Quantitative analysis of the cell migration area in 24 h.
**p < 0.005 compared with control group; ##p < 0.005 compared with 0% ECF-5 group.

medium, it was degraded gradually, presumably by the growing
cells, and the cell sphere migrated toward the glass and
adhered to it. From Figure 9 it is clear that the ECF-5 hydrogel
was degraded within a few days. Our study suggests that this
feature has great potential in practical use, as it may avoid
thrombosis of the capillaries caused by the hydrogel residues
that had been found previously.29 In addition, when the
hydrogel degrades, the encapsulated cells will have the
opportunity to contact and attach to other cells and form a
functional tissue.

As shown in the Figure 8A, the cardiomyocytes migrated
and proliferated under normal conditions within 24 h. Under
the oxidative stress that was caused by adding 400 μM H2O2
into the system, the migration and proliferation ability of the
cells decreased signiﬁcantly within 24 h and the adherence area
of single cells also decreased. Quantitative analysis of cell
migration area in situ indicated that adding ECF-5 (with
concentrations of 0.5% and 1%) hydrogel in the system would
signiﬁcantly increase cell migration and proliferation, which is
positively correlated with ECF-5 concentration (Figure 8B).
This result indicates that the ECF-5 hydrogel can suppress
oxidative damage of cardiomyocytes and enhance healing of
the wounded myocardial tissue.
3.6. Biodegradation of ECF-5 Hydrogel. Finally, our
study shows that the cell−hydrogel complex undergoes a gel
degradation process along with cell growth. The hydrogel
degradation rate was quantiﬁed by the reduction in mass of the
gel (Figure 9), in which the hydrogel particles in the culture
media with a diameter greater than 0.42 mm were counted
after ﬁltration. When the hydrogel was presented in the culture

4. CONCLUSION
In this article, the radical scavenging and biodegradable
properties of the ECF-5 hydrogel were reported. ECF-5
hydrogel has a storage modulus of 10 KPa, which enables it to
withstand certain mechanical stimulations without deformation. The ECF-5 hydrogel has good cytocompatibility and can
be used as a 3D culture scaﬀold for cardiomyocytes.
Cardiomyocytes cultured in the hydrogel can grow into cell
spheres in a short time, indicating that the hydrogel may be
used for myocardial tissue engineering. Compared with the
previously reported copolymer hydrogels,16,25 the ECF-5
hydrogel has higher free radical scavenging eﬃciency in the
cardiomyocyte culture media. We believe that the strong local
free radical scavenging ability of the ECF-5 hydrogel may also
be used to scavenge excess ROS in various soft tissue diseases
including diabetes51 and Parkinson’s disease.52 Finally, it was
found that the hydrogel degraded during cell growth, which
should avoid thrombosis of the capillaries in practical use, and
provided the opportunity for the cell to attach with one
another and form a functional tissue. Given the excellent
nature of the ECF-5 hydrogel, including good cytocompatibility, strong free radical scavenging ability, and biodegradability readiness, it is expected to have broad biomedical
applications in the future.
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Figure 9. Degradation of ECF-5 hydrogel after encapsulation of the
cardiomyocytes H9c2(2-1). The remaining mass of the cell−hydrogel
in the culture media was ﬁltered with a diameter greater than 0.42
mm. *p < 0.05 and **p < 0.005 compared with control group (0.5%
ECF-5); #p < 0.05 and ##p < 0.005 compared with control group (1%
ECF-5).
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