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A bioinspired dual-crosslinked tough silk protein
hydrogel as a protective biocatalytic matrix for carbon
sequestration

Chang Sup Kim1,4, Yun Jung Yang2,4, So Yeong Bahn3 and Hyung Joon Cha2,3

The development of carbonic anhydrase (CA)-based materials for the environment-friendly sequestration of carbon dioxide (CO2)

under mild conditions would be highly valuable for controlling emissions to the environment and for producing value-added

chemicals. Here, a highly tough and stable CA-encapsulating silk protein hydrogel was developed as a robust biocatalyst for CO2

sequestration through a bioinspired dual-crosslinking strategy that employed photoinduced dityrosine chemical crosslinking

followed by dehydration-mediated physical crosslinking. The target enzyme was efficiently encapsulated in the silk hydrogel with

~60% retention of the activity of free CA, and the encapsulated CA exhibited excellent overall multi-use, storage and thermal

stabilities. The dual-crosslinked CA-encapsulating silk hydrogel exhibited a significant compressive modulus, which surpassed

the moduli of most traditional and double-network hydrogels as well as those of enzyme-encapsulated hydrogels. This hydrogel

also showed high resiliency and elasticity and outstanding structural stability. Importantly, the dual-crosslinked CA-encapsulating

silk hydrogel facilitated the sequestration of CO2 into calcium carbonate with high CO2 hydration activity. Thus, the unique

combination of bioinspired dual-crosslinking with silk fibroin protein and CA enzyme demonstrates the successful application of

this protein hydrogel as a promising biocatalyst for CO2 sequestration by showing high activity, strong mechanical properties and

outstanding structural stability.
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INTRODUCTION

Reducing the levels of the major greenhouse gas carbon dioxide (CO2)
under mild conditions is considered an important issue for a
sustainable environment. Carbonic anhydrase (CA) is a zinc metal-
loenzyme that catalyzes the reversible hydration reaction of CO2, the
rate-limiting step of carbonation, with a kcat value of up to ~ 106.1

Because of its outstanding ability to rapidly sequestrate CO2 in an
environment-friendly manner,2 CA is being studied for potential use
to reduce CO2 levels. However, its low stability and poor reusability
strongly limit its practical use.3 These problems have been partially
ameliorated by immobilizing CA onto a variety of solid materials
(for example, controlled pore glass, magnetic particles, and silica) and
soft materials (for example, beads and membranes).4–11 Although the
immobilized CAs exhibited improved reusability and enhanced
thermostability, most of the methods required harsh conditions and
long preparation periods, which generally results in a severe reduction
in enzyme activity and low immobilization efficiency. Therefore,
proper immobilization is considered as one of the key issues in the
development of CA-based biocatalysts for CO2 sequestration.

Hydrogels have received significant attention owing to
their successful applications in tissue engineering,12 drug delivery,13

biocatalysts,14–21 selective transport,22 and three-dimensional
printing.23 Considering that CA catalyzes CO2 hydration in aqueous
solution,1 hydrogels can be an appropriate support for CA encapsula-
tion because they generally have high water content and effective mass
transfer.24–26 In addition, they have a three-dimensional structure that
can provide sufficient capacity to accommodate the enzyme.24,25

Several synthetic polymers have been employed to fabricate enzyme-
encapsulated hydrogels, and they have shown the possibility for use
as a biocatalyst.15–18 However, they have some limitations, including
the use of harsh conditions to prepare materials or to prevent enzyme
leaching from the hydrogel by increasing their size and low compat-
ibility with the enzyme, resulting in reduced enzyme activity and
stability.16–18 Recently, researchers have become increasingly interested
in the potential of natural polymers, such as proteins, peptides,
carbohydrates and DNA, to function as immobilization supports
owing to their excellent biological compatibility for enzymes.19–21

To date, only a few studies have reported the use of natural polymers

1School of Chemistry and Biochemistry, Yeungnam University, Gyeongsan, Republic of Korea; 2Department of Chemical Engineering, Pohang University of Science and
Technology, Pohang, Republic of Korea and 3School of Interdisciplinary Bioscience and Bioengineering, Pohang University of Science and Technology, Pohang,
Republic of Korea

Correspondence: Professor HJ Cha, Department of Chemical Engineering, Pohang University of Science and Technology, 77 Cheongam-Ro. Nam-Gu, Pohang 37673, Republic of
Korea.
E-mail: hjcha@postech.ac.kr

4These authors contributed equally to this work.

Received 8 October 2016; revised 15 January 2017; accepted 13 March 2017

NPG Asia Materials (2017) 9, e391; doi:10.1038/am.2017.71
www.nature.com/am

http://dx.doi.org/10.1038/am.2017.71
mailto:hjcha@postech.ac.kr
http://dx.doi.org/10.1038/am.2017.71
http://www.nature.com/am


in the preparation of hydrogels for enzyme encapsulation.19–21

Unfortunately, even though the natural polymer-based hydrogels
could be good for preserving enzyme activity, they have usually
exhibited weak mechanical properties, poor elasticity and low
structural stability, which significantly limits their use as supports
for enzymes.19–21 Thus, a prerequisite for the use of natural polymer-
based hydrogels as catalytic materials is to significantly enhance
their mechanical properties and structural stability while effectively
retaining enzyme activity.
The use of structural proteins and the exploitation of their

structures and interactions for mechanical properties and stability
could be a promising approach capable of circumventing the
limitations of natural polymer-based hydrogels as supports for
enzymes. Silk fibroins are one of the major structural proteins in
the formation of the cocoons that protect silkworms from various
environmental stresses.27,28 Silk fibroins are an abundant and cheap
matrix polymer. The ability of silk fibroin to stabilize functionally
diverse enzymes has been highlighted.29–31 Bombyx mori silk fibroin
has ~ 5 mol% of tyrosine (tyr) residues and contains natural dityrosine
crosslinking that can generally contribute to the stability, elasticity and
strength of some structural proteins such as resilins of dragonfly wings
and locust cuticles.32–35 Enzyme-catalyzed dityrosine crosslinking
strategies, such as the use of tyrosinase or horseradish peroxidase,
have been shown to be effective at forming regenerated silk fibroin-
based hydrogels with high elasticity.36,37 Although this method has
positively contributed to the mechanical properties of silk hydrogel,
it would present some limitations in the preparation of enzyme-
encapsulated silk hydrogel, including the requirement of extended
preparation time and the encapsulation of other undesired enzymes.
Recently, we demonstrated that photoinduced dityrosine crosslinking
can form a hydrogel from a silk-like elastic protein within seconds and
can confer high elasticity to the hydrogel.38 Considering that Neisseria
gonorrhoeae CA (ngCA) in this study has ~ 4 mol% of tyr residues that
are not related to the active site and that the photoinduced dityrosine
crosslinking method has a rapid reaction rate under mild buffer
conditions,38,39 this crosslinking strategy could be appropriate for the
preparation of an elastic silk fibroin hydrogel with efficient ngCA
encapsulation. In addition, silk fibroins consist of β-sheet crystallites
with amorphous domains.28,33 The strong interactions between
β-sheets contribute to the superior mechanical properties and
structural stability of silk fibroin.40,41 The addition of β-sheets in the
ngCA-encapsulating silk fibroin hydrogels is expected to endow them
with high strength and structural stability while maintaining a
considerable degree of elasticity. In addition, it has been reported
that silk fibroin could regulate both the morphology and crystal-
lographic polymorphs of CaCO3, a major product of CO2

sequestration, by CA-based mineral carbonation.42,43 Therefore, it is
of interest to exploit these characteristics of silk fibroin for the
preparation of a CA-encapsulating silk hydrogel as a robust biocatalyst
for CO2 sequestration.
Herein, we report the fabrication of a highly tough and stable

CA-encapsulating silk hydrogel (called dc-ngCA-silk hydrogel) by
employing a bioinspired dual-crosslinking strategy, photoinduced
dityrosine crosslinking followed by dehydration-mediated physical
cross-linking (β-sheet formation). To the best of our knowledge,
this is the first study to apply a dual-crosslinking approach to fabricate
highly tough and stable silk hydrogels and to develop hydrogels as
biocatalysts for CO2 sequestration.

MATERIALS AND METHODS

Preparation of ngCA
The ngCA enzyme was expressed and purified as previously reported.1 In brief,
recombinant Escherichia coli containing an ngCA-expressing vector was grown
to 0.6–0.8 optical density at 600 nm (OD600) at 37 °C in Luria-Bertani medium
(0.5% yeast extract, 1% tryptophan and 1% NaCl) with 50 μg ml− 1 ampicillin
(Sigma Aldrich, Milwaukee, WI, USA). Then, 1 mM isopropyl-β-D-thiogalacto-
pyranoside (Sigma-Aldrich) and 0.1 mM ZnSO4 (Sigma-Aldrich) were added to
the culture medium to express ngCA. The recombinant cells were grown for an
additional 10 h at 37 °C. The cells were harvested by centrifugation at 4000 r.p.
m. for 10 min. The cell pellet was resuspended in lysis buffer (50 mM NaH2PO4,
300 mM NaCl and 10 mM imidazole; pH 8.0) and disrupted with a sonic
dismembrator (Sonics and Materials, Newton, CT, USA) for 10 min at 50%
power (5 s pulse on and 2 s pulse off). The soluble fraction was collected by
centrifugation at 10 000 g at 4 °C for 30 min. For purification, the soluble
fraction was loaded into a Ni-NTA column (Qiagen, Hilden, Germany). The
ngCA was eluted with elution buffer (50 mM NaH2PO4, 300 mM NaCl, and
250 mM imidazole; pH 8.0). The eluted fraction was dialyzed against 20 mM

Tris-SO4 (pH 8.3). The protein concentration was determined by a Bradford
assay (Bio-Rad, Hercules, CA, USA) using bovine serum albumin (Sigma-
Aldrich) as a standard.

Fabrication of the dc-ngCA-silk hydrogel
The dc-ngCA-silk hydrogel was prepared by using a dual-crosslinking strategy,
specifically, photochemical dityrosine crosslinking and dehydration-mediated
physical crosslinking.38,44 Silk fibroin (provided from Dr KH Lee at Seoul
National University, Korea) was dissolved in a ngCA solution (20 mM Tris-HCl;
pH 8.3), which was stirred for 1 h. Tris(bipyridine)ruthenium(II) chloride
([Ru(bpy)3]

+;2 Sigma-Aldrich) and sodium persulfate (Sigma-Aldrich) were
added to the solution with final concentrations of 1 mM and 50 mM,
respectively, and then mixed with stirring until the solution reached a uniform
phase. For gelation, the solution was exposed to visible light (~450 nm) for
60 s. The hydrogel was additionally treated with 90% (v/v) methanol for 60 min
and then washed with a large amount of 20 mM Tris-SO4 (pH 8.3) to remove
any remaining methanol in the hydrogel.

High-performance liquid chromatography analysis
The ratio of dityrosine to tyr in the fabricated dc-ngCA-silk hydrogel was
quantitatively evaluated via high-performance liquid chromatography analysis
of its acid hydrolysate.34 A sample of the dc-ngCA-silk hydrogel was added to
500 μl of 6 N HCl containing 0.1% phenol. After oxygen was removed using
argon gas, acid hydrolysis was conducted at 145 °C for 4 h. The acid hydrolysate
was then diluted to 5 ml with mobile phase buffer (8% (v/v) acetonitrile and
0.1% (v/v) trifluoroacetic acid), followed by centrifugation at 14 000 r.p.m. for
15 min. After evaporation to dryness, the sample was reconstituted with 100 μl
of water and transferred to an high-performance liquid chromatography vial for
analysis. Then, dityrosine analysis was performed using a Bio LC system
(Thermo Fisher Scientific, Waltham, MA, USA) comprising a C18 column
(OD-300, 250× 4.6 mm; PerkinElmer (Waltham, MA, USA)) and a UV-Vis
detector. A sample of uncrosslinked silk fibroin and ngCA was used as a
negative control. A standard curve was obtained using dityrosine (Carbosynth,
Compton, Bershire, UK) and tyr (Sigma-Aldrich) standards.

Fourier transform infrared spectroscopy analysis
FTIR spectra were measured with a Bruker Vretex-80V fourier transform
infrared spectroscopy (FTIR) spectrometer (Bruker Optik GmbH, Karlsruhe,
Baden-Württemberg, Germany) equipped with a deuterated triglycine sulfate
detector and a multiple-reflection, horizontal MIRacle ATR attachment (using a
Ge crystal from Pike tech (Madison, WI, USA). The absorption spectra were
collected between 400 cm− 1 and 4000 cm− 1. The absorbances of the samples
and background were measured using 128 scans at a resolution of 4 cm− 1.

Swelling property analysis
Lyophilized dc-ngCA-silk hydrogels were immersed in 20 mM Tris-HCl
(pH 8.3) for 1 day. The weights of the swollen silk hydrogels were measured
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after the removal of excess water. For each specimen, three independent tests were
conducted. The water amount, swelling ratio and fluid recovery were calculated
as follows: water amount (mg)= (Wg–Wd), swelling ratio= (Wt−Wd)/Wd, and
fluid recovery (%)= (Wt−Wd)/(Wg−Wd) × 100, where Wt is the weight (mg)
of the swollen hydrogel at time t, Wd is the weight (mg) of the dried silk
hydrogel and Wg is the weight (mg) of the hydrogel before drying.

Morphology analysis
dc-ngCA-silk hydrogel was frozen at − 80 °C and fractured using liquid nitrogen
before freeze-drying. The morphology of the freeze-dried sample was observed
by FE-SEM (field emission-scanning electron microscopy; XL30S FEG; Philips,
Netherlands) at an accelerating voltage of 5 kV with platinum coating.

Mechanical property analysis
Unconfined compression tests of the dc-ngCA-silk hydrogel (8 mm
diameter × 2 mm height) were performed by using an Instron 3344 materials
testing system (Instron, Wycombe, Buckinghamshire, UK) equipped with a
2 kN load cell. The samples were compressed at a rate of 1 mm min− 1 until a
maximum strain of ~ 50% was reached (n= 3). The stress–strain curves were
obtained, and the compressive tangent moduli were calculated at 20% and 40%
strains. The hydrogel was also subjected to 20 loading–unloading cycles at 20%
strain. The 20 cycles were recorded, and the energy dissipation was calculated as
follows:

Energy dissipation ¼
Z

loading

scompdε�
Z

unloading

scompdε

Enzyme activity analysis
The activity of the hydrogel was evaluated using a well-established
esterase assay, which involved hydrolysis of p-nitophenyl acetate (p-NPA;

Sigma-Aldrich) to p-nitrophenol and acetate. p-nitrophenol was detected by
measuring the absorbance at the λmax of 348 nm using UV-vis spectroscopy
(Shimazu, Japan).45 Then, a 30 mM p-NPA solution was prepared by dissolving
the appropriate mass in 100% (v/v) acetonitrile. The assay was performed with
gentle stirring at 25 °C in a 1 ml total reaction volume, which consisted of
900 μl of 20 mM potassium phosphate (pH 7.0), 100 μl of a 30 mM p-NPA
solution (final concentration of 3 mM), and the ngCA-encapsulating silk
hydrogel. The absorbance was measured at 348 nm after incubation for
12 min. Note that the enzyme activity assay method was used to evaluate the
ngCA-immobilizing capacity of the hydrogel, the effect of methanol on the
activity of the encapsulated ngCA, and the multi-use stability, thermal stability
and storage stability.

Evaluation of multi-use, thermal and storage stabilities
The reusability of the dc-ngCA-silk hydrogel was evaluated by using an enzyme
activity assay method. The by-product in the hydrogel was eliminated by
dialyzing against 20 mM Tris-SO4 buffer (pH 8.3) for additional uses. To
investigate its thermal stability, the hydrogel was stored at 4 °C prior to use.
dc-ngCA-silk hydrogel was incubated in a closed bottle containing a sufficient
volume of 20 mM Tris-SO4 buffer (pH 8.3) at 50 °C for 1 h or 12 h and then
stored at 4 °C until the enzyme activities were measured. To investigate its
storage stability, dc-ngCA-silk hydrogel was stored in a closed bottle containing
a sufficient volume of 20 mM Tris-SO4 buffer (pH 8.3) at 30 °C and tested at
intervals of ~ 7 days.

CO2 sequestration ability analysis
The effects of dc-ngCA-silk hydrogel on the sequestration of CO2 into CaCO3

were evaluated by measuring a mass of precipitated CaCO3. CO2-saturated
water was prepared by bubbling CO2 in water at 18 °C in an open system.4

Five milliliters of CO2-saturated water was added to 5 ml of reaction buffer
(1 M Tris-SO4 and 20 mM CaCl2; pH 9.5) containing the hydrogel. The reaction

HO
HO

452 nm light

Ru(ll)(bys)3
2+

+

OH OH

Protein Protein

Protein
Protein

Figure 1 (a) Schematic illustration of the preparation of the highly tough and stable CA-encapsulating silk hydrogel as a robust biocatalyst for CO2
sequestration. (b) Fabrication of the dc-ngCA-silk hydrogel through bioinspired photoinduced chemical and dehydration-mediated physical dual-crosslinking.
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was performed at ambient temperature in a closed system for 150 s. The final
product was filtered through a 0.1 μm-pore-membrane filter and then dried at
85 °C overnight. The precipitated CaCO3 was weighed. The mass of CO2

removed was estimated based on the mass of CaCO3. Because the solubility of
CO2 in water at 18 °C is 1.8 g kg− 1-water and 5 ml of CO2-saturated water was
used, the amount of CO2 used was 9 mg. The CO2-removal efficiency can be
calculated as follow: CO2-removal efficiency (%)= (the mass of removed
CO2/9) × 100. In addition, the morphology and polymorphs of the CaCO3 were
analyzed by FE-SEM and X-ray powder diffraction (Rigaku, Japan) as
previously described.46

In vitro CaCO3 crystallization
The effect of dc-ngCA-silk hydrogel on in vitro CaCO3 crystallization was
investigated by exploiting the slow diffusion of ammonium carbonate vapor in
calcium chloride solution as previously described.46 The morphology of the
precipitated CaCO3 was analyzed by FE-SEM.

RESULTS AND DISCUSSION

Formation and characterization of the dc-ngCA-Silk hydrogel
The fabrication procedure of the tough and stable CA-encapsulating
silk hydrogel as a robust biocatalyst for CO2 sequestration is illustrated
in Figure 1. For easy handling and to enhance their mechanical
properties while minimizing diffusion limitations, the dc-ngCA-silk
hydrogels were fabricated as macroscopically well-defined particles
with a diameter of ~ 8 mm and a thickness of ~ 2 mm. First, the

amount of ngCA capable of being encapsulated in a silk hydrogel via
photochemical dityrosine crosslinking was investigated by measuring
the p-NPA hydrolysis activity of the hydrogel (Figure 2a). This
approach was used because α-type CA enzymes, such as ngCA, have
both p-NPA hydrolysis and CO2 hydration activity.47 The p-NPA
hydrolysis activity of ngCA linearly increased according to its quantity
(100–1400 μg) with a high coefficient of determination (R2 of over
0.99) and almost reached saturation at a quantity 41400 μg. This
result indicated that up to 1800 μg of ngCA could be encapsulated in
the fabricated silk hydrogel through the photochemical dityrosine
crosslinking method. In addition, we examined the extent of activity
reduction by comparing the p-NPA hydrolysis activity of the
ngCA-encapsulating silk hydrogel through photochemical crosslinking
(called sc-ngCA-silk hydrogel) with the activity of the free enzyme. We
found that the sc-ngCA-silk hydrogel retained ~ 54% of the activity
of free ngCA (Figure 2b). The reduced activity of the hydrogel-
encapsulated ngCA seemed to be due to the reduced flexibility of the
encapsulated ngCA compared with that of the free enzyme.48,49

We also investigated the activity of encapsulated ngCA after treating
the sc-ngCA-silk hydrogel with methanol. The dc-ngCA-silk hydrogel
exhibited 92% of the activity of the sc-ngCA-silk hydrogel, which
corresponded to ~ 50% of the activity of free ngCA (Figure 2b). The
high activity retention from the methanol treatment may be attributed
to the high rigidity of the ngCA encapsulated within the silk hydrogel
through photochemical dityrosine crosslinking.48,49 The high activity
retention of the dc-ngCA-silk hydrogel was comparable to that of CAs
encapsulated in bioinspired silica4,5 and surpassed the activities of
CAs immobilized in a biomineralized calcium carbonate crystalline
composite (~43%)10 and glass (~38%).11

The presence of dityrosine crosslinks in the dc-ngCA-silk hydrogel
was confirmed by their characteristic blue fluorescence under UV
illumination (Figure 3a). Biomaterials containing dityrosine crosslinks
have an excitation wavelength of 315 nm and an emission wavelength
of 400 nm.50 Agarose gel was used as a negative control because
agarose can be easily formed into a gel through physical crosslinking.
The dc-ngCA-silk hydrogel showed a distinct blue fluorescence
(Figure 3a, top right image), whereas the control gel did not
(Figure 3a, bottom right image). We also quantitatively evaluated
the dityrosine crosslinking degree in the dc-ngCA-silk hydrogel via
reverse-phase high-performance liquid chromatography analysis of its
acid hydrolysate (Supplementary Figure S1). We found that the extent
of dityrosine formation in the dc-ngCA-silk hydrogel was ~ 50%
(relative to the totaltyr residues). The formation of β-sheets in the
dc-ngCA-silk hydrogel was supported by comparing the secondary
structures of the sc-ngCA-silk hydrogel through FTIR analysis
(Figure 3b). After methanol treatment, the silk hydrogel exhibited a
large increase in the β-pleated-sheet crystal content that corresponded
to the central absorption band at ~ 1630 cm− 1 in the FTIR spectra.51

The swelling properties of the dc-ngCA-silk hydrogel were
monitored by incubating the lyophilized hydrogel. Before freeze-
drying, the dc-ngCA-hydrogel contained 92.20± 0.24 mg of water,
which was almost half that (187.43± 2.08 mg) of the sc-ngCA-
hydrogel (Supplementary Figure S2). The hydrogel exhibited moderate
swelling properties with a swelling ratio of 1.2 and a fluid recovery of
24.7% (Figure 4a). These values were lower than those of other silk
hydrogels with similar silk fibroin contents52 and sc-ngCA-silk
hydrogel (Supplementary Table S1). These low values may be due to
the formation of β-sheets during the methanol treatment.53 However,
the swelling properties seemed to be unrelated to enzyme activity
in the dc-ngCA-silk hydrogel. In addition, the morphology of the
dc-ngCA-silk hydrogel was analyzed using FE-SEM (Figure 4b).

Figure 2 (a) ngCA-encapsulating capacity of the dual-crosslinked silk
hydrogel. (b) Residual enzyme activity after encapsulating ngCA within the
silk hydrogel (***Po0.005; unpaired t-test). The activity was assayed by
p-NPA hydrolysis.
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The dc-ngCA-silk hydrogel showed a microporous and compact
structure with an ~ 50 μm-pore size.

Mechanical properties of the dc-ngCA-Silk hydrogel
The mechanical properties of the dc-ngCA-silk hydrogel were
determined (Figure 5). The dc-ngCA-silk hydrogel exhibited high
flexibility and elasticity (Figure 5a and Supplementary Movie S1). The
dc-ngCA-silk hydrogel with an 8 mm diameter and a 2 mm height was
able to sustain large loads without obvious deformation (Figure 5b
for 100 g weight and Supplementary Figure S3 for 2 kg weight),
indicating that the hydrogel was very tough and strong. In addition,
an unconfined compression test was performed. The dc-ngCA-silk
hydrogel exhibited complete recovery after removal (Figure 5c and
Supplementary Movie S2) and did not fracture at up to ~ 50% strain
with a compressive strength of ~ 3 MPa (Figure 5d). The compressive
modulus of the dc-ngCA-silk hydrogel was determined as a tangent of
the stress–strain curves at 20% and 40% strains. The dc-ngCA-silk
hydrogel exhibited compressive moduli of ~ 1.3 MPa and ~ 11MPa
for 20% and 40% strain, respectively (Figure 5e), which surpassed the
moduli of natural elastomers such as articular cartilage (0.3–0.8 MPa)
and skin (5.7 kPa) and was comparable to the modulus of bovine

periodontal ligaments (4–8 MPa).54–56 The mechanical properties were
notable compared with those of other enzyme-encapsulated hydrogels
(Table 1). Peptide and poly(ethylene glycol) methacrylate-based
hydrogels exhibited a compressive modulus of ~ 7 kPa at 80% strain,
and a synthetic polymer-based hydrogel, which consisted of
Fmoc-TyrOH, N,N-dimethylacrylamide and N-hydroxyphthalimide,
showed a compressive modulus of ~ 207 kPa at 20% strain.17,20 In
addition, the mechanical properties of the dc-ngCA-silk hydrogel were
much better than those of most traditional hydrogels (compressive
modulus of 0.01–1 MPa) and of most double-network hydrogels
(0.1–1 MPa) that used the same solid content of 10% (w/v).57–59

The β-sheets especially contributed to the mechanical strength of the
dc-ngCA-silk hydrogel, which was clearly supported compared to
sc-ngCA-silk hydrogel (Supplementary Figure S4) and previous
reports.40,41 We also investigated the reversible behavior of the
dc-ngCA-silk hydrogel under cyclic compression (Figures 5f and g).
The area of the hysteresis loop of the dc-ngCA-silk hydrogel markedly
decreased during an initial five sequential cycles but almost reached a
steady state with an energy dissipation of ~ 5 kJ m− 3 while compres-
sion strength remained nearly constant, which indicated that the
hydrogel did not fracture under this condition. The decrease seemed
to be the result of water escaping from the gel during the initial
compression loading. It has been reported that water has a healing
effect on hydrogels under cyclic compression.60 Because the dc-ngCA-
silk hydrogel had a relatively low water level (Supplementary
Figures S2 and 4a), the hydrogel might be affected by only a small
amount of water being squeezed out of the gel during the initial cycles.
However, the healing effects of water on the dc-ngCA-silk hydrogel
might be more effective in aqueous environments. Collectively, these

Figure 4 (a) Swelling properties of the dc-ngCA-silk hydrogel. (b) SEM
images of a cross-section of the dc-ngCA-silk hydrogel.

Figure 3 (a) Digital photographs of dc-ngCA-silk hydrogel (top) and agarose
gel (bottom) under room light (left) and UV illumination (right). (b) FTIR
absorbance spectra in the amide I region versus wavenumber for the
dc-ngCA-silk and sc-ngCA-silk hydrogels. The medium–medium line marks the
center of the absorbance band at 1630 cm−1 that corresponds to β-sheets.
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Figure 5 Mechanical properties of the dc-ngCA-silk hydrogel. Digital photograph of the hydrogel response to (a) bending and (b) compression forces.
(c) Digital photograph of the hydrogel undergoing ~60% compression. The hydrogel showed almost complete recovery after removal. (d) Representative
compressive stress–strain curve of the hydrogel and (e) summarized compressive modulus as a function of compressive strain (***Po0.005; unpaired t-test).
(f) Representative cyclic loading-unloading curves of the hydrogel for 20 consecutive cycles. (g) The decay of energy dissipation for the hydrogel with
increasing compressive cycle numbers.

Table 1 Mechanical properties of enzyme-encapsulating hydrogels

Supporting material Enzyme Testing method Mechanical performance Reference

Synthetic polymer
Fmoc-TyrOH, N,N-dimethylacrylamide, and N-hydroxy-phthalimide Glucose oxidase Compression test ~206 kPa at 20% straina 17

Polyethyleneimine Penicillin G acrylase Compression test 3.9−16.8 kPab 18

Natural peptides blended with synthetic polymers
Nap-Phe-Phe-Lys-acrylic acid and poly(ethylene glycol) methacrylate Glucose oxidase

Horseradish peroxidase

Compression test 7 kPa at 80% straina 20

Natural polymer
Nap-Gly-Phe-Phe-pTyr, Nap-Gly-Phe-Phe-Tyr-Glu-ss-Glu-Gly, and alginate Phosphatase

Lactase

Rheology test 12.3−22.2 kPab 19

Alginate Phosphatase

Lactase

Rheology test 12.1 kPab 19

Silk fibroin Carbonic anhydrase Compression test 11 MPa at 40% straina This work

aMechanical performance was expressed as compressive modulus.
bMechanical performance was expressed as compressive strength when fracture of the hydrogel occurred.
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results indicate that the dc-ngCA-silk hydrogel has high resilience and
outstanding toughness, which seem to be due to the double-network-
based strong mechanical properties of silk fibroin.

Multi-use, storage and thermal stability of the dc-ngCA-Silk
hydrogel
For practical applications of enzymes, an improvement of enzyme
stability is one of the most important factors. Thus, the multi-use,

storage and thermal stabilities of the dc-ngCA-silk hydrogel were
assessed by measuring residual p-NPA hydrolysis activity. First, the
multi-use stability was evaluated by examining the residual activity of
the dc-ngCA-silk hydrogel after repeated use (Figure 6a). We found
that the dc-ngCA-silk hydrogel retained ~ 97% of its initial activity
after the sixth use. This multi-use stability was higher than those of
other supports for CA, including chitosan beads (~43%), amine-based
silica (~87%) and R5 peptide-based silica (~87%), whereas the

Figure 6 Stabilities of the dc-ngCA-silk hydrogel. (a) Multi-use stability,
(b) storage stability at 30 °C, and (c) thermal stability at 50 °C. To assess
its stability, p-NPA hydrolysis activity assays were performed at 25 °C
(*Po0.05, **Po0.01, ***Po0.005; unpaired t-test).

Figure 7 Sequestration of CO2 into CaCO3 by the dc-ngCA-silk hydrogel.
(a) CO2-removal efficiency of the dc-ngCA-silk hydrogel (**Po0.01,
***Po0.005; unpaired t-test). (b) XRD and (c) SEM analyses of the CaCO3
precipitated by the dc-ngCA-silk hydrogel. V, vaterite.
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performance was comparable to those of amine-functionalized
SBA-15 (495%), silver nanoparticle-conjugated mesoporous SBA-15
(495%), and magnetic particles (495%).4–9 In addition, this
performance was much better than those of other enzyme-
encapsulated hydrogels.17–19 Next, its storage stability was examined
by measuring the residual activity after storing the gel at 30 °C for
35 days (Figure 6b). No reduced activity in the dc-ngCA-silk hydrogel
was observed during this period, which implied that the encapsulated
ngCA was not released from the silk hydrogel. However, free ngCA
showed ~ 11% of its initial activity after 10 days of incubation at 30 °C
(Supplementary Figures S5), and the sc-ngCA-silk hydrogel was
completely degraded within 7 days (Supplementary Figures S6).
The outstanding storage stability of the dc-ngCA-silk hydrogel seems
to be due to the strong structural stability and high melting
temperature (~400 °C) of β-pleated-sheet crystals.61 This performance
also surpassed the performance of other supports as mentioned
above.4,6–9 Considering that the mineral carbonation process in which
CO2 is converted into calcium carbonate (CaCO3) can be performed
at 30 °C,62 the dc-ngCA-silk hydrogel could be used as a biocatalyst
during a long operational period for the conversion process. Finally,
the thermal stability of the dc-ngCA-silk hydrogel was evaluated after
incubation at 50 °C. The dc-ngCA-silk hydrogel exhibited ~ 91 and
~ 41% of its initial activity after 1 h and 12 h, respectively (Figure 6c),
which was comparable to the levels of amine-based silica and exceeded
those of amine-functionalized SBA-15.4,8 In contrast, the activity of
the free enzyme decreased to ~ 4% within 1 h (Figure 6c). The high
thermal stability of the dc-ngCA-silk hydrogel appears to be due to its
excellent structural stability, inevitably restricting the molecular
flexibility of ngCA.49 Collectively, the high multi-use stability,
outstanding storage stability and good thermal stability of the
dc-ngCA-silk hydrogel may be due to the strong retention and
excellent stability of the encapsulated ngCA and the remarkable
structural stability of the dual-crosslinked silk hydrogel.

CO2 sequestration into CaCO3 using the dc-ngCA-Silk hydrogel
The capability of the dc-ngCA-silk hydrogel to sequestrate CO2 was
evaluated by measuring the amount of CO2 that was converted into
CaCO3 when using the hydrogel for a certain period of time. The
formation of CaCO3 might only be affected by the hydration of CO2

(that is, the concentration of bicarbonate (HCO3
− )) under a sufficient

quantity of Ca2+ and saturated amounts of CO2 dissolved in distilled
water, which means that the gas–liquid mass transfer of CO2 was not
rate determining in this closed system. We estimated the mass of
removed CO2 from the precipitated CaCO3. The dc-ngCA-silk
hydrogel exhibited ~ 60% of the CO2 hydration activity of free ngCA
enzyme (Figure 7a and Table 2), which coincided with the p-NPA

hydrolysis activity (Figure 2b) and was comparable to that of ngCA
encapsulated in R5 peptide-based bioinspired silica.5 Owing to this
high activity, dc-ngCA-silk hydrogel hydrated an approximately
twofold greater quantity of CO2 (~2.4 mg, ~ 26% of the total amount
of CO2) than a non-catalyzed reaction (~1.3 mg, ~ 13% of total
amount of CO2) (Table 2). The morphology and polymorphs of
CaCO3 precipitated by the dc-ngCA-silk hydrogel were also analyzed
(Figures 7b and c). The crystal structure of the precipitated CaCO3

was mainly composed of spherical vaterite with a diameter of 2.5 μm,
which was structurally identical to CaCO3 precipitated in the absence
of a catalyst. The vaterite formation seemed to be due to decreased
vaterite solubility at ~ pH 9.5{Sheng Han, 2006 #66}.63 However, the
conversion process of aqueous CO2 into CaCO3 was too brief to
provide sufficient time to examine the effect of silk fibroin on CaCO3

crystallization. Therefore, the effects of the dc-ngCA-silk hydrogel on
the morphology and polymorphs of CaCO3 were investigated using
the ammonium carbonate vaporization method (Supplementary
Figures S7). Standard rhombohedra of calcites formed on the surface
of the dc-ngCA-silk hydrogel. This formation seemed to occur due to
a high concentration of silk fibroin (10% w/v).42,43 Overall, we
concluded that the dc-ngCA-silk hydrogel could be successfully used
as an efficient biocatalyst to sequestrate CO2 into carbonate minerals.

CONCLUSIONS

In the present study, we developed a tough, resilient, and stable
CA-encapsulating protein hydrogel as a robust biocatalyst for CO2

sequestration. Through a bioinspired and rapid dual-crosslinking
strategy, the CA enzyme was efficiently encapsulated within the silk
hydrogel, and the encapsulated CA retained ~ 60% of the activity of
free CA. The mechanical properties of the dual-crosslinked
CA-encapsulating silk hydrogel were remarkable, with high elasticity
and flexibility, compressive moduli of ~ 1.3 MPa at 20% strain and
~ 11MPa at 40% strain, and constant compression strength with
an energy dissipation of ~ 5 kJ m− 3 at 20% strain over 20 cycles.
In addition to good thermal stability, the dual-crosslinked
CA-encapsulating silk hydrogel exhibited outstanding multi-use
stability with ~ 97% of its initial activity remaining after the sixth
use. The silk hydrogel also had excellent storage and structural
stabilities, exhibiting no deformation or reduction in activity after
storage at 30 °C for 35 days. We also demonstrated the ability of the
dual-crosslinked CA-encapsulating silk hydrogel to sequestrate CO2

into carbonate minerals with ~ 60% of the CO2 hydration ability of
the free enzyme, which was expected to be the maximal ability of the
encapsulated CA. Thus, this highly tough and stable silk hydrogel
fabricated through bioinspired dual-crosslinks demonstrated the
general applicability of a silk hydrogel as a protective reaction matrix
for a biocatalyst and, in particular, the successful use of this hydrogel
as a biocatalyst for environmental-friendly CO2 sequestration.
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