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HRP-beads, removing enzyme from the
resultant hydrogels.[12] Li et al. reported
the use of HRP-immobilized porous silica
particles to achieve enzyme-free dextran or
gelatin hydrogels. They demonstrated that
the HRP-free gelatin hydrogels showed
remarkably lower levels of local and systemic inflammation than HRP-containing
gels when injected subcutaneously in
C57BL/6J mice.[13] In other approaches,
hematin was used as an alternative catalyst to HRP for in situ formation of hydrogels[14] or was immobilized on the inner
surface of a syringe to achieve hematinfree hydrogels.[15]
Silk fibroin protein, a natural biopoly
mer derived from the cocoons of domesticated Bombyx mori silkworms, has
received considerable attention due to its
excellent biocompatibility, controllable
biodegradability, outstanding mechani
cal strength, and mild immunological

response in vivo.[16,17] These properties
make silk protein-based hydrogels suitable
candidates for biomedical applications, which could overcome
limitations of hydrogels prepared from conventional synthetic
polymers.[18] Silk hydrogels can be prepared by physical or
chemical crosslinking of silk fibroin molecules. This includes
vortexing,[19] sonication,[20] pH control or high temperature,[21]
electric fields,[22] and photoinitiated reactions.[23] Recently, we
demonstrated the preparation of enzymatically crosslinked silk
hydrogels using HRP in the presence of hydrogen peroxide
(H2O2), where tyrosine residues in silk fibroin were covalently
crosslinked and formed dityrosine bonds.[8] While these hydrogels had optical transparency, elasticity, tunable mechanical
properties, and compatibility with encapsulated human mesenchymal stem cells, the retention of HRP in the hydrogels
is a potential challenge related to clinical applications. Therefore, the development of a new strategy for crosslinking of silk
fibroin without an enzyme was pursued to circumvent this
concern.
The Fenton reaction is based on a redox pair of ferrous ion
and H2O2 that generates a reactive hydroxyl radical (•OH). This
Fenton reaction has been extensively employed as a radical initiator in the graft copolymerization of vinyl monomers onto
starches, wools, celluloses, or cottons.[24] However, relatively less
attention has been paid to its use for crosslinking of polymers.
Recently, Barros et al. described the preparation of poly(N-vinyl2-pyrrolidone) (PVP) hydrogels using the Fenton reaction,
where the PVP concentration, molar ratio of [H2O2]/[Fe(II)],
and pH played important roles in the formation of hydrogels.[25]
These hydrogels did not show any toxic effects on mouse

Here, the Fenton reaction is used to prepare silk hydrogels through oxidation
of tyrosine residues in silk fibroin, leading to dityrosine crosslinking. At pH
5.7, gelation occurs rapidly within 30 s, and the resultant opaque gels show
soft properties with a storage modulus of ≈100 Pa. The addition of ascorbic
acid to the Fenton reaction increases the dityrosine bonds in the hydrogels
but has little effect on the rheological or mechanical properties. The results
indicate that Fe(III) ions significantly interacted with silk fibroin during the
Fenton reaction, most likely binding to sites such as tyrosine, glutamate, and
aspartate residues, triggering the formation of β-sheet structures that may
impede dityrosine bond formation due to steric hindrance. The use of an iron
chelator or the operation of the Fenton reaction at pH 9.2 enables control
over the interaction of Fe(III) ions with silk fibroin, achieving a hydrogel with
improved optical properties and enhanced dityrosine bond formation. Hydrogels prepared by the Fenton reaction are cytocompatible as L929 mouse
fibroblasts remain viable and are proliferative when seeded on the hydrogels.
The results offer a useful approach to generate chemically crosslinked silk
fibroin hydrogels without the use of enzyme-catalyzed reactions for biomedi
cal applications.

1. Introduction
Recent interest in the use of enzymes to catalyze the
crosslinking of polymers and proteins has created new opportunities for injectable hydrogel systems through the development
of mild enzymatic reactions similar to physiological conditions.[1,2] Among various types of enzymes, horseradish peroxidase (HRP) has been extensively used for the preparation of
chemically crosslinked hydrogels, including hyaluronic acid,[3]
dextran,[4] gelatin,[5] alginate,[6] chitosan,[7] and silk fibroin,[8]
due to the ease of tuning the crosslinking density and gelation
kinetics.[9] However, the main concern regarding the HRP-catalyzed reaction is the retention of this plant-derived enzyme in
the hydrogel networks and potential immunological response in
vivo.[10,11] Recently, several attempts have been made to address
this limitation. For example, Bae et al. demonstrated the formation of enzyme-free hydrogels using HRP-immobilized ferromagnetic beads with a diameter of 300–500 µm. The hydrogel
precursor solution was passed through a syringe packed with
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subconjunctival tissue cells or irritating effects during a dermal
inflammation testing in albino rabbits. Qin et al. reported
the use of citrate-modified photo-Fenton reaction to crosslink
recombinant exon 1 encoded resilin.[26] More recently, Sun et al.
used the Fenton reaction to generate N-(2-hydroxyethyl) acrylamide/poly(ethylene glycol) diacrylate hydrogels, which showed
good activity of rabbit bone marrow stromal stem cells and
L929 cells after encapsulation into the hydrogels.[27]
The aim of the present study was to develop a silk hydrogel
system using the Fenton reaction. A number of strategies were
used to improve the reaction in terms of dityrosine formation and optical clarity. Ascorbic acid was added to the Fenton
reaction due to its ability to reduce Fe(III) to Fe(II), which was
expected to promote the generation of •OH radicals, thereby
enhancing dityrosine formation. Transparency of the hydrogels
was also improved by controlling the interaction of iron ions
with silk fibroin by adding an iron chelator and changing the
reaction pH. The gelation time, rheological properties, compressive modulus, optical density, secondary structure, and cytocompatibility were evaluated. The approach establishes the Fenton
reaction as an alternative to enzymatic crosslinking to prepare
silk hydrogels for a broad range of biomedical applications.

2. Results and Discussion
2.1. Preparation of Silk Hydrogels and Characterization
of Dityrosine Bonds
In the classic Fenton reaction (Scheme 1a), Fe(II) ion reacts
with H2O2, generating Fe(III) ion and oxidizing •OH radical.
Ascorbic acid has been used in the Fenton system to promote
the generation of •OH radicals due to its ability to reduce Fe(III)
to Fe(II) ion (Scheme 1b).[28] We hypothesized that the addition
of ascorbic acid to Fenton reaction could increase the oxidation
of tyrosine residues in silk fibroin due to an increase of the generation of •OH radicals, thereby enhancing the formation of
dityrosine bonds in crosslinked hydrogels. The concentration of
ascorbic acid to be added was determined by studying the pH
change of the silk solution (Supporting Information, Figure S1).
The pH of pristine silk solutions was 5.7, which was optically
transparent. When 2.7 × 10−3 m ascorbic acid was added, the pH
of the silk solutions was decreased to 4.4, and cloudiness was
observed. Above 2.7 × 10−3 m ascorbic acid, the solutions showed

Scheme 1. a) Fenton reaction. b) Fenton reaction in the presence of
ascorbic acid, where ascorbic acid reduces Fe(III) to Fe(II) ion.
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precipitation with turbidity or underwent the sol–gel transition
due to increasing inter- and intramolecular interactions, which
is associated with the isoelectric point (pI = 4.39 for the N-terminus) of silk fibroin.[29] These acidic conditions could be unfavorable for the formation of dityrosine bonds owing to steric
hindrance arising from the β-sheet structures, although acidic
conditions (ideal pH ≈3) are preferable for Fenton reaction.[30]
Consequently, lower ascorbic acid concentrations (0.4 × 10−3 and
0.8 × 10−3 m) that appeared to have little effect on the conformational change of silk fibroin were chosen for the present study.
The silk hydrogels crosslinked by Fenton reaction were
opaque regardless of the ascorbic acid concentration (Figure 1a),
where their yellowish brown color is attributed to the oxidation of tyrosine residues in the presence of Fe(III) ions.[26,27,31]
The hydrogel precursor solutions were instantly changed from
colorless to yellowish brown upon mixing of H2O2 at the initiation step of crosslinking. The general mechanism of dityrosine
crosslinking by Fenton reaction involves the generation of
•OH radicals, followed by the oxidation of tyrosine residues to
form tyrosyl radicals. Two tyrosyl radicals then couple together,
leading to the formation of dityrosine bonds. The reaction products could also include 3,4-dihydroxyphenylalanine (DOPA),
which is coupling of a •OH radical to a tyrosyl radical.[32]
The dityrosine bonds in the hydrogels were investigated
using liquid chromatography tandem mass spectroscopy
(LC-MS/MS). Figure 1b shows the chromatograms of the
hydrogels formed by Fenton reaction with 0 × 10−3, 0.4 × 10−3,
and 0.8 × 10−3 m ascorbic acid, hydrogels formed by HRPcatalyzed reaction (positive control), and sonication-induced
physically crosslinked gels (negative control). Product ions for
dityrosine (m/z transition = 361.1 → 315.3) were identified and
quantified, where the typical retention time was 4.9 min. Dityrosine was detected in all samples except for the sonicationinduced gels (negative control). As shown in Figure 1c, the
maximum abundance of dityrosine was found at the enzymatically crosslinked hydrogels produced by HRP-catalyzed reaction
(positive control). The control HRP hydrogels were found to
have almost 21-fold greater abundance of dityrosine than that
of the hydrogels produced by Fenton reaction in the absence of
ascorbic acid (0 × 10−3 m ascorbic acid). A statistically significant
difference in dityrosine abundance was observed between the
hydrogels formed by Fenton reaction with 0.8 × 10−3 m ascorbic
acid and the sonication-induced gels (negative control). This
result suggests that the addition of 0.8 × 10−3 m ascorbic acid to
the Fenton reaction was effective in promoting the generation
of •OH radicals, leading to an increase in dityrosine bonds.
To verify further the dityrosine bonds in the hydrogels
crosslinked by Fenton reaction, the hydrogels were dissolved in
9.3 m lithium bromide (LiBr) solution at 60 °C for 4 h. Since the
β-sheet crystalline structures in the hydrogels can be fully dissolved in 9.3 m LiBr solution, but the dityrosine bonds cannot,
this approach allows for direct assessment of the presence
of the dityrosine bonds. As seen in Figure 1d, the hydrogels
crosslinked by Fenton reaction with 0 × 10−3, 0.4 × 10−3, and
0.8 × 10−3 m ascorbic acid became optically transparent with
color change from yellowish brown to brownish, indicating
that the opaque property of the hydrogels are attributed to
the heterogenous microstructures induced by β-sheet crystallinity.[33] For the HRP crosslinked gels (positive control), there
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Figure 1. Silk hydrogels and analysis of dityrosine bonds. a) Photographs showing silk hydrogels (2.1% w/v) crosslinked by Fenton reaction in the
absence (0 × 10−3 m) and the presence (0.4 × 10−3 and 0.8 × 10−3 m) of ascorbic acid. b) LC-MS/MS chromatograms obtained from analysis of hydrogels
crosslinked by Fenton reaction with 0 × 10−3 m (solid), 0.4 × 10−3 m (dot), and 0.8 × 10−3 m (dash-dot) ascorbic acid, positive control HRP crosslinked
gels (dash-dot-dot), and negative control sonication-induced physically crosslinked gels (short-dot). c) Abundance of dityrosine in peak area in the
hydrogels, as determined by LC-MS/MS analysis (data are presented as mean ± standard deviation; n = 3, **p < 0.01, and ***p < 0.001 by one-way
ANOVA with Bonferroni post hoc test). d) Dityrosine bonds in the hydrogels were investigated by dissolving the hydrogels in 9.3 m LiBr solution at
60 °C for 4 h. Blue arrow indicates the undissolved HRP crosslinked gel. The gray substances observed at the bottom of plates in the second row are
the precipitation of LiBr solution.

was a decrease in the hydrogel volume with color change to
brown (blue arrow in Figure 1d). In contrast, the sonicationinduced gels (negative control) were fully dissolved in 9.3 m
LiBr solution, indicating the absence of the dityrosine bonds.
These results are consistent with the LC-MS/MS data and confirmed the presence of the dityrosine bonds in the silk hydrogels crosslinked by Fenton reaction.

2.2. Secondary Structures of Hydrogels
The secondary structures of the hydrogels were analyzed using attenuated total reflectance-Fourier transform
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infrared spectroscopy (ATR-FTIR) in the amide I region
(1700–1600 cm−1). Generally, the bands at 1637–1616 cm−1
are assigned to the β-sheets.[34] The bands at 1655–1638 cm−1
are associated with the random coils. For Day 0 (Figure 2a,
left), there was a band shift from ≈1620 to ≈1640 cm−1 when
the ascorbic acid was added to Fenton reaction, suggesting the
conformational change of silk fibroin from β-sheets to random
coils. This result may be related to a decrease of the interaction
of Fe(III) ions with silk fibroin molecules due to the reduction of
Fe(III) to Fe(II) ions by the addition of ascorbic acid. As a result,
the formation of β-sheet structures could be decreased or/and
delayed, which will be discussed in more detail later. The β-sheet
contents were 39.7 ± 5.65%, 36.2 ± 2.11%, and 36.7 ± 6.68% for
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Figure 2. Representative ATR-FTIR spectra of hydrogels crosslinked by Fenton reaction with 0 × 10−3, 0.4 × 10−3, and 0.8 × 10−3 m ascorbic acid.
a) For Day 0, a band shift was observed from ≈1620 to ≈1640 cm−1 when ascorbic acid was added to Fenton reaction. For Day 7, all samples showed
the strong absorption band around 1620 cm−1. b) β-sheet content in the hydrogels increased after incubation in PBS at 37 °C for 7 days (data are
presented as mean ± standard deviation; n = 3, *p < 0.05, and **p < 0.01 by two-way ANOVA with Bonferroni post hoc test).

the samples formed with 0 × 10−3, 0.4 × 10−3, and 0.8 × 10−3 m
ascorbic acid, respectively (Figure 2b, Day 0), where not significantly different. The distinct conformational change was
observed when the hydrogels were incubated in phosphatebuffered saline (PBS, 1x) at 37 °C for 7 days (Figure 2a, right).
All samples exhibited the strong absorption bands around
1620 cm−1 with the shoulders near 1700 cm−1, and their β-sheet
contents were increased to ≈53% (Figure 2b, Day 7), suggesting
the formation of substantial β-sheet structures. This result is
similar to the time-dependent stiffening observed in silk-based
enzymatically crosslinked silk hydrogels.[35] The increased
β-sheet structures in the present study could be associated with
the interaction between iron ions and silk fibroin molecules,
which will also be discussed in more detail later.

2.3. Rheological Properties
The gelation kinetics and mechanical properties of hydrogels
were assessed through the rheological experiments at 37 °C.
Figure 3a shows the evolution of the storage modulus (G′)
and loss modulus (G″) of the hydrogels formed with 0 × 10−3,
0.4 × 10−3, and 0.8 × 10−3 m ascorbic acid, where Fe(II), H2O2,
and silk concentrations were held constant. When the rheologi
cal measurements began, G′ was larger than G″ for all samples, indicating the dominant elastic properties at the initial
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time point. Qualitative observations by the vial inversion test
for all samples at room temperature showed the gelation time
at ≈2 min. We estimated that all hydrogel precursor solutions
formed gels within 30 s as per rheological assessment. After
300 min, G′ of all samples appeared to have a plateau at approximately 100 Pa (Figure 3a), regardless of the ascorbic acid concentration. The frequency sweeps (Figure 3b) showed that G′ prevailed
over G″ in the entire experimental range (0.1–100 rad s−1)
for all hydrogel samples, which is characteristic of a solid-like
gel, where both G′ and G″ were weakly depended on the frequency. Strain sweeps (Figure 3c) were performed to assess
a critical strain of each sample. As the strain was increased
beyond ≈2%, both G′ and G″ began to decrease for all samples because the crosslinked network was unable to withstand
applied shear deformations. Taken together, the results indicate that the hydrogels had soft properties, and the addition of
ascorbic acid to Fenton reaction had no significant effect on the
rheological properties of hydrogels.

2.4. Compressive Properties
Unconfined compression tests were conducted to assess the
compressive properties of hydrogels. Preformed hydrogels were
soaked in PBS (1x) at 37 °C and analyzed on Days 1 and 7.
The samples formed with 0 × 10−3, 0.4 × 10−3, and 0.8 × 10−3 m

1900644 (4 of 12)

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advhealthmat.de

Figure 3. Representative rheological properties of hydrogels crosslinked by Fenton reaction with 0 × 10−3, 0.4 × 10−3, and 0.8 × 10−3 m ascorbic acid.
a) Time sweeps. b) Frequency sweeps. c) Strain sweeps.

ascorbic acid showed hysteresis with permanent deformation
after a single compressive loading/unloading cycle to 30% strain
(Figure 4a). For Day 1, the compressive moduli of the samples
formed with 0 × 10−3, 0.4 × 10−3, and 0.8 × 10−3 m ascorbic acid
were 0.17, 0.11, and 0.38 kPa, respectively, where no significant
differences were detected (Figure 4b). After 7 days, the samples
formed with 0 × 10−3 and 0.4 × 10−3 m ascorbic acid stiffened to
1.15 and 2.29 kPa, respectively, showing increased hysteresis.
This was due to the thermodynamically favorable shift in secondary structure from random coil to β-sheet over time,[36] as
determined by the ATR-FTIR analysis. However, the sample
formed with 0.8 × 10−3 m ascorbic acid showed a small increase
in the compressive modulus from 0.38 to 0.52 kPa despite
the same trend in the conformational change of silk fibroin
to β-sheet structures. One of the possible reasons for this
response may be related to a slightly higher abundance of dityrosine in the samples formed with 0.8 × 10−3 m ascorbic acid
(Figure 1c), allowing for a delay in stiffening, however further
assessments are required to confirm.

2.5. Effect of Iron Ions on Gelation of Silk Fibroin
The Fenton reaction is a very complex process, and its sequence
of reaction steps is not fully understood.[30] It was hypothesized
that the initiation of Fenton reaction with 1.28 × 10−3 m Fe(II)
would produce equimolar Fe(III) ions (1.28 × 10−3 m) based on
1:1 mole ratio of Fe(II) to Fe(III) (Scheme 1a). To investigate the
effect of iron ions on the gelation of silk fibroin, the concentration of Fe(II) or Fe(III) in silk solutions was varied in the range
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of 0.1 × 10−3 to 10.7 × 10−3 m, where the concentration and pH
of the silk solutions were fixed at 2.3% w/v and 5.7, respectively.
It should be noted that H2O2 was not added to the samples.
Figure 5a shows the vial inversion tests for the samples formed
with Fe(II) (left) and Fe(III) (right) after incubation at 37 °C
for 1 day. For the Fe(II) ions, the silk fibroin precipitated at
1.1 × 10−3, 1.4 × 10−3, and 2.7 × 10−3 m, and gelled at 5.3 × 10−3
and 10.7 × 10−3 m Fe(II), forming opaque gels with a greenish
color. In the case of the Fe(III) ions, gelation was observed
above 0.5 × 10−3 m Fe(III) (Supporting Information, Figure S4),
which is nearly one order of magnitude lower than that of Fe(II)
ions. Gels containing Fe(III) ions showed an opaque yellowish
brown color, which is consistent with the color of the hydrogels
crosslinked by Fenton reaction (Figure 1a). This result suggests
that the Fe(III) ions significantly influenced the color of the
hydrogels crosslinked by Fenton reaction.
Figure 5b shows the optical density change of the samples
measured at 550 nm. Results showed that the optical density
increased significantly above 0.9 × 10−3 and 0.4 × 10−3 m for
Fe(II) and Fe(III) ions, respectively. This is attributed to the
initial formation of silk fibroin precipitates induced by Fe(II)
or Fe(III) ions, followed by aggregation and gelation. The
significant differences between Fe(II) and Fe(III) ions were
found when iron concentration was above 0.4 × 10−3 m, except
for 0.9 × 10−3 m, suggesting that the Fe(III) ions significantly
affected the increase of the optical density when compared to
the Fe(II) ions. These optical density changes were related to
the formation of β-sheet structures (Figure 5c). For the samples
containing Fe(II) or Fe(III) ions, the strong absorption bands
around 1620 cm−1 were detected in the ATR-FTIR spectrum,
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Figure 4. Representative compressive properties of hydrogels crosslinked by Fenton reaction with 0 × 10−3, 0.4 × 10−3, and 0.8 × 10−3 m ascorbic acid.
a) Stress–strain curves showed hysteresis for both Days 1 and 7 samples. b) Compressive modulus of hydrogels. The hydrogel formed with 0.8 × 10−3 m
ascorbic acid showed only a minimal increase in modulus over time (data are presented as mean ± standard deviation; n = 5, *p < 0.05 and **p < 0.01
by two-way ANOVA with Tukey's post hoc test, and ***p < 0.001 by two-way ANOVA with Bonferroni post hoc test).

which is characteristic of β-sheets. This result suggests that
both Fe(II) and Fe(III) ions affected the conformational change
of silk fibroin to β-sheet structures if their concentration was
above a critical value, thereby forming heterogenous microstructures that cause light scattering in the range of visible
light.[33] Based on these findings, it appears that Fe(III) ions
more strongly interact with silk fibroin through binding sites,
such as tyrosine, glutamate, and aspartate residues,[37–39] when
compared to Fe(II) ions, triggering the formation of β-sheet
structures and further accelerating the sol–gel transition during
Fenton reaction. Therefore, the formation of dityrosine bonds
could be hindered by steric hindrance arising from the preformed β-sheet structures.[40]

2.6. Optically Transparent Hydrogels and Proposed Mechanism
of Silk Hydrogels Crosslinked by Fenton Reaction
We hypothesized that decreasing the interaction of Fe(III) ions
with silk fibroin during the Fenton reaction could reduce the
formation of heterogenous microstructures that cause light
scattering, enabling us to achieve an optically transparent
hydrogel. To this end, two different approaches were used:
1) the addition of ethylenediaminetetraacetic acid (EDTA), an iron
chelator, and 2) the operation of Fenton reaction at pH 9.2. In
both cases, Fe(II), H2O2, and silk concentrations were held constant. The hydrogels formed at pH 5.7 (Figure 6a, left) showed
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an opaque yellowish brown color, as described above. Notably,
the hydrogels formed with EDTA at pH 5.7 (Figure 6a, middle)
and at pH 9.2 (Figure 6a, right) were optically semitransparent
and transparent, respectively, suggesting a decrease of heterogenous microstructures.
The maximum abundance of dityrosine was found in the
optically transparent hydrogels prepared at pH 9.2 and was significantly higher than pH 5.7 and EDTA gels (Figure 6b). When
pH of silk solution is above 9, the silk fibroin will be negatively
charged due to the deprotonation of the acidic groups, resulting
in more extended chain conformation arising from electrostatic
repulsion.[41] In this case, the formation of β-sheet structures
triggered by Fe(III) ions, which cause light scattering, could
be effectively suppressed due to strong repulsive force among
silk fibroin molecules. Additionally, buried tyrosine residues,
which are located in both hydrophobic (about 70% of tyrosine
residues) and hydrophilic regions of silk fibroin,[31] could
be exposed to the reaction medium and enhance dityrosine
crosslinking. However, a much longer gelation time (≈2 days)
was observed at pH 9.2 when compared to the hydrogels formed
at pH 5.7 (≈30 s). One possible reason for such behavior could
be attributed to a decrease in the activity of Fenton reaction at
higher pH.[30]
The abundance of dityrosine in the hydrogels formed with
EDTA at pH 5.7 was lower than that of the hydrogels formed
at pH 5.7 (Figure 6b). EDTA is an iron chelator, which binds
both Fe(II) and Fe(III), and in particular has higher affinity for
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Figure 5. Effect of iron ions on gelation of silk fibroin at pH 5.7. a) Photographs showing the gelation of silk fibroin triggered by Fe(II) (left) or Fe(III)
ions (right) after incubation at 37 °C for 1 day. Gels containing Fe(II) ions showed an opaque greenish color, whereas gels containing Fe(III) ions
showed an opaque yellowish brown color. b) Samples containing Fe(II) or Fe(III) ions in the range of 0.1× 10−3 to 10.7 × 10−3 m showed increased
optical density as iron concentration was increased (data are presented as mean ± standard deviation; n = 3, +p < 0.001 compared to 0 × 10−3 m Fe(II)
or Fe(III), and ***p < 0.001 by two-way ANOVA with Bonferroni post hoc test). c) ATR-FTIR spectra of the samples formed with Fe(II) (left) or Fe(III)
(right) ions showed strong absorption bands around 1620 cm−1.

Fe(III) ions.[42] As expected, the addition of EDTA to Fenton
reaction could result in the formation of Fe(II)–EDTA complexes, which decreases available Fe(II) ions that react with
H2O2 to generate •OH radicals.[43] As a result, the oxidation of
tyrosine residues was decreased, resulting in lower formation
of dityrosine in the hydrogels. In spite of this, a possible reason
for the optically semitransparent property is that Fe(III) ions
could be sequestered to a certain extent by forming Fe(III)–
EDTA complexes, reducing the interaction of Fe(III) ions with
silk fibroin. Furthermore, this result may explain the conformational shift of silk fibroin from β-sheets to random coils when
ascorbic acid was added to Fenton reaction (Figure 2a, Day 0).
Since the ascorbic acid reduced Fe(III) to Fe(II) ions, the interaction of Fe(III) ions with silk fibroin was reduced, resulting in
a decrease in the formation of β-sheet structures.
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It is noted that no precipitation arising from insoluble
Fe(OH)3 was visually observed in the optically semitransparent
(Figure 6a, middle) and transparent hydrogels (Figure 6a, right).
This may be related to the binding effect of Fe(III) ions to both
EDTA and silk fibroin (Figure 6a, middle) and to silk fibroin
(Figure 6a, right), thereby inhibiting the formation of insoluble
Fe(OH)3. The hydrogel precursor solutions without EDTA at
pH 5.7 showed instant color change to yellowish brown upon
mixing with H2O2, whereas the solutions containing EDTA at
pH 5.7 did not show instant color change, suggesting rapid sequestration of product Fe(III) ions from Fenton reaction by EDTA
at the initiation step of crosslinking. This result indicates that
initial color change of the hydrogel precursor solutions could
be attributed to the generation of Fe(III) ions rather than the
oxidation of tyrosine residues. Overall, these findings confirm
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Figure 6. a) Hydrogels formed by Fenton reaction at pH 5.7 (left), with EDTA at pH 5.7 (middle), and at pH 9.2 (right) were opaque, optically semitransparent, and transparent, respectively. b) Abundance of dityrosine in peak area in the hydrogels, as determined by LC-MS/MS analysis, shows that
hydrogels at pH of 9.2 exhibited the highest dityrosine abundance (data are presented as mean ± standard deviation; n = 3, ***p < 0.001 by one-way
ANOVA with Tukey's post hoc test). c) Proposed mechanism of silk hydrogels crosslinked by Fenton reaction. At pH 5.7 (left), Fe(III) ions, which are
bound to tyrosine, glutamate, and aspartate residues, readily trigger the formation of β-sheet structures due to the less extended and compressed chain
conformation of silk fibroin, hindering dityrosine crosslinking. At pH 9.2 (right), silk fibroin has more extended chain conformation due to electrostatic
repulsion, suppressing the formation of β-sheet structures triggered by Fe(III) ions and allowing tyrosine residues to overcome the steric hindrance by
β-sheet structures. This enhanced dityrosine formation.

the above hypothesis, and suggest that control over Fe(III) ions
in the Fenton reaction is important to achieve a transparent
hydrogel with enhanced dityrosine bonds. Optically transparent
silk hydrogels could be used as a scaffolding material for ophthalmic applications, specifically in cornea replacements[44,45] or
for optical sensing and diagnostic applications.[46,47]
Figure 6c shows the schematic illustration of the proposed
mechanism of silk hydrogels crosslinked by Fenton reaction.
Between Fe(II) and Fe(III) ions, the Fe(III) ions played important roles in dityrosine crosslinking of silk fibroin during
Fenton reaction. Once the Fenton reaction was initiated, there
was likely rapid binding of Fe(III) ions to silk fibroin through
electrostatic interactions with tyrosine, glutamate, and aspartate
residues.[37–39] We hypothesize that this Fe(III) binding process
was much faster than the oxidation of tyrosine residues. At pH 5.7
(Figure 6c, left), the less extended and compressed chain conformation of silk fibroin would allow Fe(III) ions to readily
trigger the formation of β-sheet structures through hydrophobic interactions and further induce the sol–gel transition
of silk fibroin with formation of heterogenous microstructures
that cause light scattering. As a result, the interaction between
tyrosyl radicals for dityrosine formation was most likely sterically hindered due to the predominant β-sheet structures,[40]
Adv. Healthcare Mater. 2019, 8, 1900644

resulting in less dityrosine bonds, as evidenced from the
LC-MS/MS data. At pH 9.2 (Figure 6c, right), the silk fibroin
molecules had more extended chain conformation than those
at pH 5.7 due to electrostatic repulsive force. This chain conformation could suppress the acceleration of β-sheet formation even though Fe(III) ions bound to silk fibroin, and allow
tyrosine residues to overcome the steric hindrance arising from
β-sheet structures. Despite a decrease in the activity of Fenton
reaction at pH 9.2, which generates fewer •OH radicals, the
extended chain conformation of silk fibroin resulted in greater
dityrosine bonds, as confirmed by the LC-MS/MS analysis.

2.7. Cell Viability
To evaluate the cytocompatibility of silk hydrogels crosslinked by
Fenton reaction, L929 mouse fibroblast cells were cultured on the
surface of preformed gels (Figure 7a). Live/dead staining of the
cells seeded on the gels produced by Fenton reaction showed high
cell viability and proliferation with negligible cell death over 7 days,
similar to that of HRP crosslinked gels and tissue culture plastic
(TCP) controls, indicating the cytocompatibility of the hydrogels
formed by Fenton reaction. It is noted that the cells cultured on
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Figure 7. L929 cell viability. a) Fluorescence images of live (green) and dead (red) L929 mouse fibroblasts cultured in 2D indicated high cell viability
with minimal cell death. Scale bars: 100 µm. b) Cell proliferation on silk gels formed by Fenton reaction over a 7 day period, as determined by Alamar
Blue assay. Fold change in metabolic activity was calculated for Days 3 and 7, as compared to Day 1 (data are presented as mean ± standard deviation;
n = 4, **p < 0.01, and ***p < 0.001 by two-way ANOVA with Bonferroni post hoc test, ns = not significant).

the surface of the hydrogels crosslinked by Fenton reaction were
embedded within the hydrogels over time (Supporting Information, Figure S5). The viability and proliferation were further
evaluated by assessing the metabolic activity of the cells through
Alamar Blue assay (Figure 7b). For 7 days, an average fold change
of 3.9, 4.6, 3.8, and 3.8 in metabolic activity was detected on the
hydrogels formed by Fenton reaction in the absence of ascorbic
acid (0 × 10−3 m ascorbic acid), with 0.8 × 10−3 m ascorbic acid,
HRP crosslinked gels, and TCP controls, respectively. No significant differences in the metabolic activity between the gels formed
by Fenton reaction and control samples were observed. This
result indicates that silk hydrogels crosslinked by Fenton reaction
in the absence or presence of ascorbic acid are cytocompatible
and viable substrates for cell growth.

Although further studies are necessary to elucidate the relationship between iron ions and silk fibroin molecules, our findings hint at the use of Fenton reaction to create a silk hydrogel
system for biomedical applications, while overcoming the
potential concerns (e.g., immunological response) with enzymatically crosslinked hydrogels. Furthermore, the approach
presented here could be extended in a number of ways,
including: 1) the preparation of enzyme-free hydrogels, 2) other
protein-based hydrogels such as sericin-based systems or if the
protein has intrinsic tyrosine residues or phenolic hydroxyl
moieties that can be introduced through chemical reactions,
and 3) silk composite hydrogels if a counterpart polymer has
phenolic hydroxyl moieties.

4. Experimental Section
3. Conclusion
In summary, the present study describes the preparation of silk
hydrogels via dityrosine crosslinking using Fenton reaction.

Adv. Healthcare Mater. 2019, 8, 1900644

Preparation of Aqueous Silk Solutions: Aqueous silk fibroin solutions
were prepared using an established protocol.[48] Briefly, 5 g of cut
cocoons of B. mori silkworms were boiled in 2 L of 0.02 m sodium
carbonate (Na2CO3, Sigma-Aldrich, St. Louis, MO) solution for 30 min
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to extract the silk fibroin protein and remove the sericin. The extracted
silk fibers were rinsed with deionized (DI) water three times and dried
in a fume hood overnight. The dried fibers were dissolved in 9.3 m LiBr
(Sigma-Aldrich, St. Louis, MO) solution at 60 °C for 4 h. The silk solution
was then dialyzed against DI water using standard grade regenerated
cellulose dialysis membrane (MWCO: 3500 kD, Spectra/Por3 Standard
RC Tubing, Spectrum Laboratories Inc., Rancho Dominguez, CA) for
3 days with six changes of DI water. The silk solution was then
centrifuged twice (9000 RPM, 4 °C, 20 min) to remove impurities. The
concentration of resulting silk solutions was ≈6–7% w/v, which was
determined by weighing the mass of a dried sample after drying a known
volume of aqueous silk solution at 60 °C overnight.
Preparation of Crosslinked Silk Hydrogels: Silk hydrogels were prepared
by crosslinking the tyrosine residues present in silk fibroin using the
Fenton reaction. Iron(II) chloride tetrahydrate (FeCl2·4H2O, 99.99%,
Sigma-Aldrich, St. Louis, MO) was dissolved in UltraPure distilled water
(Thermo Fisher Scientific, Waltham, MA) to prepare 13.3 × 10−3 m Fe(II)
solution. Hydrogen peroxide (H2O2, 30% w/w, Sigma-Aldrich, St. Louis,
MO) was mixed with UltraPure distilled water to prepare 337 × 10−3 m
H2O2 solution. Ascorbic acid solutions (3.7 × 10−3 and 8.5 × 10−3 m)
were prepared from L-ascorbic acid (≥99.0%, Sigma-Aldrich, St. Louis,
MO) and UltraPure distilled water. Crosslinking was initiated by adding
152 µL of 13.3 × 10−3 m Fe(II) solution followed by adding 152 µL of
337 × 10−3 m H2O2 solution to 1272 µL of silk solution (pH 5.7) with
gentle pipetting, where the total volume of the mixture was fixed at
1576 µL (final concentration of 1.28 × 10−3 m Fe(II), 32.5 × 10−3 m H2O2,
and 2.1% w/v silk solution). The samples were allowed to incubate at
37 °C for 4 h. At pH 9.2, the hydrogels were prepared under the same
conditions except the pH of the silk solution was adjusted by addition of
1 m sodium hydroxide (NaOH) solution.
To investigate the effect of ascorbic acid on the Fenton reaction,
152 µL of 3.7 × 10−3 or 8.5 × 10−3 m ascorbic acid solution was added
to 1120 µL of silk solution (pH 5.7), followed by adding 152 µL of
13.3 × 10−3 m Fe(II) solution. Crosslinking was initiated by adding
152 µL of 337 × 10−3 m H2O2 solution to the mixture solution with gentle
pipetting, where the total volume of the solution was fixed at 1576 µL
(final concentration of 1.28 × 10−3 m Fe(II), 0.4 × 10−3 or 0.8 × 10−3 m
ascorbic acid, 32.5 × 10−3 m H2O2, and 2.1% w/v silk solution). The
samples were allowed to incubate at 37 °C for 4 h. As a positive control,
enzymatically crosslinked silk hydrogels with same concentration of
silk solution (2.1% w/v) as that of the hydrogels formed by the Fenton
reaction were prepared via HRP (type VI, Sigma-Aldrich) catalyzed
reaction. Briefly, 10 µL of 1000 U mL−1 stock solution of HRP and
10 µL of 164 × 10−3 m H2O2 solution were added to 1 mL of 2.1% w/v
silk solution (final concentration of 10 U mL−1 HRP and 1.64 × 10−3 m
H2O2). The samples were then allowed to incubate at 37 °C for 4 h.
As a negative control, physically crosslinked silk hydrogels formed via
sonication were prepared. Briefly, 1 mL of 2.1% w/v silk solution in 2 mL
Eppendorf tube was sonicated at 15% amplitude for 40 s using a sonifier
(Branson Ultrasonics, Danbury, CT), which consisted of the Model
450 power supply, converter, externally threaded disruptor horn, and
1/8’’ (3.175 × 10−3 m) diameter-tapered microtip. After sonication, the
samples were allowed to incubate at 37 °C for 4 h. To assess the effect of
iron chelators on Fenton reaction, 152 µL of 13.3 × 10−3 m EDTA solution
prepared from solutioethylenediaminetetraacetic acid (EDTA) disodium
salt (C10H14N2Na2O8·2H2O, Sigma Grade, plant cell culture tested,
98.5–101.5%, Sigma-Aldrich, St. Louis, MO) and UltraPure distilled
water was added to 1120 µL of silk solution (pH 5.7), followed by adding
152 µL of 13.3 × 10−3 m Fe(II) solution. The molar ratio of EDTA to Fe(II)
was fixed at 1:1. Crosslinking was initiated by adding 152 µL of 337 ×
10−3 m H2O2 solution to the mixture solution with gentle pipetting, where
the total volume of the solution was fixed at 1576 µL (final concentration
of 1.28 × 10−3 m Fe(II), 1.28 × 10−3 m EDTA, 32.5 × 10−3 m H2O2, and 2.1%
w/v silk solution). The samples were allowed to incubate at 37 °C for 4 h.
LC-MS/MS: Silk hydrogels (1 mL) were incubated with 1 mL of 12 m
hydrochloric acid (HCl, 37%, Sigma-Aldrich, St. Louis, MO) at 60 °C for
8 h. The hydrolyzed samples were dehydrated at 90 °C overnight using
a digital dry heat bath (Model: BSH1002, USA Scientific, Ocala, FL).
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The samples were then reconstituted in 1 mL of 75% v/v LC-MS grade
acetonitrile in LC-MS grade water (both Fisher Scientific, Waltham, MA)
and then diluted with 75% v/v LC-MS grade acetonitrile in LC-MS grade
water to a final concentration of 400 µg mL−1. LC-MS/MS analysis was
performed according to the previously described method to detect
dityrosine.[49]
ATR-FTIR: Secondary structures of hydrogels were investigated using
a JASCO FTIR 6200 spectrometer (JASCO, Tokyo, Japan) with a MIRacle
attenuated total reflectance (ATR) with germanium crystal. Data were
obtained by averaging 32 scans with a resolution of 4 cm−1 within the
wavenumber range of 600 and 4000 cm−1. Day 0 samples were allowed
to gel at 37 °C for 4 h prior to analysis. Day 7 samples were allowed
to incubate in Dulbecco's PBS (DPBS, 1x, Thermo Fisher Scientific,
Waltham, MA) at 37 °C for 7 days prior to analysis. Each sample was
washed in deuterated water (Sigma-Aldrich, St. Louis, MO) three times
for 30 min prior to the measurements to remove the interference
of water in the amide I region (1700–1600 cm−1). Data analysis was
performed using the Fourier self-deconvolution method in the Origin
Software (OriginPro 2018, OriginLab, Northampton, MA).
Rheology: Rheological measurements were performed on a TA
Instruments ARES-LS2 rheometer (TA Instruments, New Castle,
DE) using a 25 mm stainless steel cone (angle: 0.0994 rad) and a
temperature controlled Peltier plate at 37 °C. An 800 µL aliquot of the
sample was loaded onto the plate. The cone was then lowered to a gap
of 0.047 in. The excess sample from the edge of the cone was removed,
and silicone oil was placed around the cone to prevent water evaporation
during the measurements. The dynamic time sweeps were carried out
at 6.283 rad s−1 (1 Hz) with 1% strain for 300 min. Following gelation,
dynamic frequency sweeps (0.1–100 rad s−1 at 1% strain) and strain
sweeps (0.1–500% at 6.283 rad s−1 (1 Hz)) were performed. Rheological
measurements were carried out in the linear viscoelastic region, where
the storage modulus was independent of the applied strain.
Compression Test: Unconfined compression tests were performed
on an Instron 3366 universal testing system (Instron, Norwood, MA).
Preformed hydrogels (≈8 mm in diameter and ≈4 mm in height) were
loaded between stainless steel parallel plates. The upper plate was then
lowered until a compression force of ≈0.002 N to ensure full contact. A
single compressive loading/unloading cycle to 30% strain at 0.02% s−1
was then performed. Prior to the test, the hydrogels were incubated
in PBS (1x) at 37 °C for 1 day and 7 days. Compressive modulus was
calculated for each sample as the slope between 5% and 10% strain.
Optical Density Change: FeCl3 (Iron(III) chloride, 97%, Sigma-Aldrich,
St. Louis, MO) solutions were prepared at the following concentrations:
1 × 10−3, 2 × 10−3, 3 × 10−3, 4 × 10−3, 5 × 10−3, 6 × 10−3, 7 × 10−3,
8 × 10−3, 9 × 10−3, 10 × 10−3, 13.3 × 10−3, 25 × 10−3, 50 × 10−3, or
100 × 10−3 m. Then, 152 µL of Fe(III) solution was added to 1272 µL of
silk solution with gentle pipetting, where the total volume of the mixture
was fixed at 1424 µL (final concentration of 0.1 × 10−3, 0.2 × 10−3,
0.3 × 10−3, 0.4 × 10−3, 0.5 × 10−3, 0.6 × 10−3, 0.7 × 10−3, 0.9 × 10−3,
1 × 10−3, 1.1 × 10−3, 1.4 × 10−3, 2.7 × 10−3, 5.3 × 10−3, or 10.7 × 10−3 m
Fe(III) and 2.3% w/v silk solution). A 300 µL aliquot of the silk
solution containing Fe(III) was immediately loaded into 96 well plates
(MICROTEST 96, Falcon, USA) and allowed to incubate at 37 °C for
1 day. Optical density change of the samples was monitored at 550 nm
using a SpectraMax M2 multi-mode microplate reader (Molecular
Devices, Sunnyvale, CA). FeCl2 samples were investigated in the same
manner as the FeCl3 experiments.
Cell Survival and Proliferation: L929 mouse fibroblast cells were
cultured in growth media composed of Dulbecco's Modified Eagle
Medium (DMEM, Gibco) supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin (Life Technologies, Carlsbad, CA). For
sterilization, silk solutions were filtered with 0.22 µm syringe filter unit
(polyvinylidene difluoride membrane, MillexGV, Millipore). Cells at
passage 7 were seeded on the surface of preformed silk gels (≈11 mm
in diameter and ≈2.5 mm in height) prepared by Fenton reaction in the
absence of ascorbic acid, Fenton reaction with 0.8 × 10−3 m ascorbic acid,
gel controls crosslinked using HRP, and TCP controls at a density of
8000 cells cm−2. The media was changed every 3 days. The viability of
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cells was investigated using LIVE/DEAD Cell Imaging Kit (Invitrogen
by Thermo Fisher Scientific) after being cultured for 1, 3, and 7 days.
Samples were imaged using a BZ-X700 Fluorescence Microscope
(Keyence Corp., Itasca, IL). Metabolic activity at Days 1, 3, and 7 was
determined using Alamar Blue assay by incubating cells in 500 µL dye
solution (10% v/v in DMEM high glucose colorless (Gibco) solution)
for 2 h at 37 °C and 5% CO2. Absorbance was measured at 570 nm
(reduced) and 595 nm (oxidized) using a SpectraMax M2 multi-mode
microplate reader (Molecular Devices, Sunnyvale, CA). Dye reduction
(%) was calculated as described in the assay guidance manual. Blank
TCP and acellular hydrogels were used to adjust for background
absorbance.
Statistical Analysis: LC-MS/MS, ATR-FTIR, rheological analysis, and
optical density change analysis were carried out on n = 3 independent
sample replicates at each condition. Metabolic activity analysis was
carried out on n = 4 independent sample replicates at each condition.
Compression tests were carried out on n = 5 independent sample
replicates at each condition. Average values and standard deviations were
calculated and used to generate graphical figures. One- or two-way analysis
of variance (ANOVA) with Tukey's or Bonferroni post hoc test were
performed using GraphPad prism (GraphPad Software, San Diego, CA) to
determine statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001).
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