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a static, bio-mimetic, three-dimensional 
environment whose properties lack 
the dynamic, spatiotemporal changes 
common in cellular and extracellular 
matrix environments. [ 6,7 ]  Thus, it is of 
great interest and importance for applica-
tions in basic biological studies as well as 
tissue engineering to engineer protein-
based hydrogels whose properties can be 
regulated dynamically using external user-
defi ned triggers. 

 The mechanical properties of hydrogels 
play important roles in modulating cell-
matrix interactions, as well as regulating 
a variety of biological processes, such as 
cell proliferation and differentiation. [ 8–10 ]  
Thus, attempting to design hydrogels with 
tunable mechanical properties has gener-
ated considerable research interest. [ 6 ]  Pro-
gress in polymer synthesis has led to novel 
approaches towards engineering polymer-
based hydrogels with mechanical proper-
ties that are responsive to external stimuli, 
such as ligand, light, heat and pH. [ 11–21 ]  
For example, engineered polymer hydro-
gels can increase or decrease their Young’s 
modulus via photo-mediated crosslinking 
or photolytic reactions. [ 13,22 ]  Despite 
these advances, designing protein-based 
dynamic hydrogels with tunable mechan-

ical properties have been challenging. Here, we report a novel, 
rationally designed protein-hydrogel that translates molecular 
level folding-unfolding conformational changes into macro-
scopic reversibly tunable mechanical properties.  

  2.     Results and Discussion 

  2.1.     Design Principle of Dynamic Protein Hydrogels 
with Tunable Mechanical Properties 

 Hydrogels are water-swollen polymer networks. Their mechan-
ical properties (stress-strain relationships) can be analyzed 
using the classical statistical theory of rubber elasticity: [ 23,24 ] 
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 where  σ  is the stress,  N  the crosslink density (equal to ρ/Mc), 
 R  the gas constant,  T  the absolute temperature,  υ  the volume 
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  1.     Introduction 

 The ability to rationally design and engineer protein hydrogels 
with specifi c properties has attracted considerable attention due 
to their promise in biomedical engineering applications. [ 1–5 ]  
Protein hydrogels are biologically friendly, and can provide 
advantageous artifi cial microenvironments that mimic many 
aspects of native cellular environment, as well as the extracel-
lular matrix (including high water content and mechanical 
properties that mimic that of soft tissues). These properties 
could facilitate drug delivery, cell proliferation and tissue engi-
neering applications. [ 1,2,5 ]  Most protein-based hydrogels provide 
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fraction of rubber in the swollen sample,  M  c  the molecular 
mass between crosslinks,  M  the primary molecular mass and 
α the extension ratio. The Young’s modulus of hydrogels is 
directly related to the crosslinking density  N , and inversely 
related to the chain length between crosslinking points  M  c . To 
modulate the Young’s modulus of hydrogels, it is necessary 
to modulate the chain length between crosslinks and/or the 
crosslinking density of hydrogels. Previous methods of engi-
neering dynamic polymer hydrogels with tunable mechanical 
properties have focused on varying the crosslinking density of 
hydrogels via chemical or physical means. [ 6,11–21,25 ]  Here, we 
engineer dynamic protein hydrogels using protein folding-
unfolding in a controlled fashion to control the effective chain 
length between crosslinks, thus controlling the Young’s mod-
ulus of these hydrogels. 

 Folding and unfolding is the ultimate conformational change 
within proteins. Protein unfolding can lead to substantially 
larger changes in length and compliance than that resulting 
from ligand binding-induced conformational changes. [ 15,17,19 ]  
For example, single molecule force spectroscopy measure-
ments have shown that the unfolding of a small globular pro-
tein such as GB1 and I27, which contains only 56 and 89 resi-
dues, can increase the effective protein length by 18 and 28 nm, 
respectively, and decrease the persistence length of the protein 
polymer from ∼10 nm to 0.4 nm, [ 26,27 ]  while length change due 
to ligand-binding induced conformation changes can be only 
up to 2nm. [ 15,17,19 ]  Incorporating proteins that can undergo 
unfolding-folding changes under user-defi ned triggers will pro-
vide an effective means of modulating chain length between 
crosslinks within hydrogels. 

 Previously, we used tandem modular proteins as building 
blocks to engineer novel protein-based hydrogels. [ 28–33 ]  By 
chemically denaturing the folded globular domains using 
chemical denaturants, we showed that it is possible to decrease 
the Young’s modulus of tandem modular protein-based hydro-
gels. [ 29,31 ]  However, for any potential biological applications, 
biologically compatible and mild conditions are required. Here, 
we propose incorporating protein-folding switches into tandem 
modular proteins towards constructing protein hydrogels to 
achieve dynamic mechanical properties regulation. 

 Our designed protein-folding switch is based upon the so-
called mutually exclusive proteins. Mutually exclusive pro-
teins (MEP) are specially designed domain insertion proteins, 
in which a guest domain with a large distance between its N, 
C-termini is spliced into a short loop of a host domain. [ 34–40 ]  
The size incompatibility between the guest and host domain 
allows only one of the two domains to fold at any given 
time. [ 34,38,39 ]  In our previous work, we engineered the MEP 
GL5-I27, in which GL5 serves as the host domain and I27 is 
guest domain inserted into the second loop of GL5. [ 37,38 ]  Due to 
the higher thermodynamic stability of I27, the mutually exclu-
sive protein exists mainly in the GL5(U)-I27(F) conformation, 
where GL5 is unfolded and I27 is folded. By mutating residues 
41 and 43 into cysteines, we reported that GL5CC-I27 can serve 
as a redox-responsive MEP-based protein folding switch. [ 37 ]  In 
the oxidized state, Cys41 and Cys43 can form a disulfi de bond, 
forcing GL5CC-I27 into the GL5CC(F)-I27(U) conformation. 
Upon reduction, GL5CC-I27 folds into the GL5CC(U)-I27(F) 
conformation ( Figure    1  A), effectively increase the protein chain 

length by ∼23 nm. If GL5CC-I27 is used as a building block to 
construct protein hydrogels, dynamically tuning GL5CC-I27’s 
conformation will allow us to effectively change the length of 
GL5 in the protein network, thus changing the effective length 
between two crosslinking points and changing the mechanical 
properties of resultant protein hydrogels (Figure  1 B).   

  2.2.     Engineering Elastomeric Proteins for Constructing 
Dynamic Protein Hydrogels 

 To engineer protein-based dynamic hydrogels, we constructed 
the artifi cial elastomeric protein GB1-R-(GB1-GL5CC-I27-R) 2 , 
which incorporates the MEP GL5CC-I27 as a protein folding 
switch to control the conformation of the host domain GL5CC. 
For simplicity, we henceforth refer to this polyprotein as GR(G-
MEP-R) 2 . GB1-Resilin based elastomeric proteins have been 
used to engineer biomaterials that mimics the passive elastic 
properties of muscles. [ 29 ]  The incorporation of GB1-R allows 
us to use the well-developed Ru 2+ -mediated photocrosslinking 
strategy to engineer protein-based hydrogels. Figure S1 shows 
the SDS-PAGE gel of the purifi ed protein.  

  2.3.     Dynamic Protein Hydrogels Based on G-R-(G-MEP-R) 2  
Show Stimuli-Responsive Physical and Mechanical Properties 

 We used the well-developed Ru 2+ -mediated photocrosslinking 
strategy, which allow the crosslinking of two tyrosine residues 
in proximity into dityrosine adducts, to engineer protein-based 
hydrogels. [ 41 ]  Oxidized G-R-(G-MEP-R) 2  was used for hydrogel 
construction. We found that an aqueous solution of G-R-(G-
MEP-R) 2  can be readily crosslinked into a solid, transparent 
hydrogel upon illumination with white light when the protein 
concentration is higher than 50 mg mL −1  (Figure  1 C). 

 In the oxidized state, the dominant conformation for MEP 
is GL5CC(F)-I27(U), where the host domain GL5CC is folded 
and the guest domain I27 is unfolded. Thus, G-R-(G-MEP-R) 2 -
based hydrogels should be similar to hydrogels constructed 
from (G-R) 4 .  Figure    2  A shows the stress-strain curve of G-R-
(G-MEP-R) 2 -based hydrogels (from a protein concentration of 
200 mg mL −1 ). Indeed, the hydrogel based on oxidized G-R-
(G-MEP-R) 2  shows a Young’s modulus of ∼40 kPa, similar to 
that of (G-R) 4  at a similar protein concentration (Figure  2 B). 
The resultant hydrogel is resilient and only shows a small hys-
teresis between stretching and relaxation cycles. The swelling 
ratio of the hydrogel is ∼20%, similar to that of (G-R) 4 -based 
hydrogels. [ 29 ]   

 To check whether the mechanical and physical properties 
of G-R-(G-MEP-R) 2  respond to redox potential, we measured 
the mechanical and swelling properties of G-R-(G-MEP-R) 2 -
based hydrogels in the presence of 10 mM DTT (Figure  2 .A). 
In the reduced state, the predominant conformation of MEP is 
GL5CC(U)-I27(F), where the host domain GL5CC is unfolded 
and the guest domain I27 is folded. In response to the change in 
MEP conformation, the G-R-(G-MEP-R) 2 -based hydrogel should 
become much softer in the presence of DTT. As expected, the 
Young’s modulus of this hydrogel dramatically decreases to 
∼10 kPa when equilibrated in 10 mM DTT, and the swelling 
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ratio of this reduced G-R-(G-MEP-R) 2  hydrogel increases to 
∼60%. In addition, it is noteworthy that the hysteresis between 
stretching and relaxation cycles increases signifi cantly in this 
reduced hydrogel, indicative of a signifi cant decrease in resil-
ience (∼55%). Changes in mechanical and physical proper-
ties of the G-R-(G-MEP-R) 2  hydrogel are fully reversible. After 
reduction, the hydrogel can be re-oxidized using H 2 O 2  to regain 
similar mechanical and physical properties – specifi cally, a high 
Young’s modulus, high resilience and low swelling ratio (Figure 
 2 A). These results strongly indicate that hydrogels based on 
G-R-(G-MEP-R) 2  show dynamic mechanical and physical prop-
erties that can be regulated via redox potential. Additionally, 
control experiments showed that mechanical and physical prop-
erties of (G-R) 4 -based hydrogels do not change in response to 
DTT or H 2 O 2  (Figure  1 B), suggesting that the property modi-
fi cations of G-R-(G-MEP-R) 2 -based hydrogels is due to confor-
mational changes of the MEP in response to redox potential 
(Figure  2 B).  

  2.4.     Dynamic Properties Exhibited by the Hydrogel are Due to 
the Redox Potential-Controlled MEP Folding Switch 

 To confi rm that dynamic transformations in mechanical and 
physical properties of G-R-(G-MEP-R) 2 -based hydrogels are 
indeed due to conformational changes of the mutually exclu-
sive protein, we carried out kinetic measurements of hydrogel 
mechanical properties in response to the changes in redox 
potential and then compared these results to that resulting 
from conformational changes of MEP as a result of changes 
in redox potential.  Figure    3  A and Figure S2 show the ellipticity 
change of GL5CC(F)-I27(U) at 221 nm, which corresponds 
to the CD signal of the α-helix in the host domain GL5CC as 
it responds to 10 mM DTT. The gradual increase of the CD 
signal at 221 nm originates from unfolding of the host domain 
GL5CC, and the corresponding loss of tertiary and secondary 
structures. The reduction reaction of the disulfi de bond (the 
thiol-disulfi de interchange reaction) proceeds as an overall 
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 Figure 1.    Designed protein folding switches can be used to construct dynamic protein hydrogels. A) Schematic showing the mutually exclusive 
protein-based, redox-responsive folding switch GL5CC-I27. In response to the redox condition, the host domain GL5CC (colored in cyan) can switch 
its conformation between folded and unfolded conformations, resulting in two distinct and mutually exclusive conformations for GL5CC-I27. The guest 
domain I27 is colored in green. Unfolded host and guest domains are colored using the same color coding. Under oxidizing condition, the formation 
of the disulfi de bond in GL5CC makes GL5CC(F)-I27(U) the dominant conformation, where the effective chain length,  Lec , between the two termini of 
GL5CC-I27 is only ∼2.6 nm; under reducing condition, the reduction of the disulfi de bond causes GL5CC(U)-I27(F) to become the dominant conforma-
tion, where the unfolded host domain GL5CC signifi cantly increases  Lec  between the two termini to ∼26 nm. The two conformations are in dynamic 
equilibrium and controlled by redox condition. B) Schematic of the three dimensional network of the hydrogels constructed from G-R-(G-MEP-R) 2 . 
Under oxidizing condition, the effective chain length between two adjacent crosslinks is short because GL5CC(F)-I27(U) is the dominant conforma-
tion in the hydrogel; under reducing condition, the unfolding of GL5CC signifi cantly increases the effective chain length between two neighboring 
crosslinking points. C) A photograph of a moulded ring constructed from G-R-(G-MEP-R) 2  in PBS solution (protein concentration 200 mg mL −1 ) using 
Ru(II)(bpy) 3  2+ -mediated photochemical crosslinking strategy. The hydrogel is transparent. The unit of the scale is in cm.
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second order reaction: fi rst-order in thiolate and in disulfi de. [ 42 ]  
Since DTT concentration is signifi cantly greater than that of 
MEP, the reaction is a pseudo-fi rst order reaction with a rate 
constant of 0.09 min −1 . Figure  3 B and  3 C show the change 
in hydrogel mechanical properties constructed from oxidized 
MEP in response to 10 mM DTT. It is evident that the Young’s 
modulus of the hydrogel decreases monotonically with time, 
with an apparent fi rst order rate constant of 0.027 min −1 . The 
close agreement of kinetics resulting from the conforma-
tional change of MEP and the change of Young’s modulus of 
hydrogels corroborates that changes in the mechanical and 
physical properties of hydrogels are indeed due to conforma-
tional changes in the mutually exclusive protein. Similarly, the 
response of the Young’s modulus demonstrated by the reduced 
hydrogel upon reoxidation by 20 mM H 2 O 2  is similar to con-
formational change kinetics [ 43 ]  of GL5CC(U)-I27(F) upon reox-
idation (Figure  3 D-F). It is worth noting that reoxidation can 
occur without addition of additional oxidants, as O 2  in the air 
is suffi cient for this purpose. Air oxidation is a very slow pro-
cess, taking up to 4 days compared with 30 minutes for H 2 O 2  
oxidation (Figure S3). This property will be useful if Young’s 
modulus change must occur slowly.  

 Having confi rmed that dynamic changes in mechanical 
and physical properties of G-R-(G-MEP-R) 2 -based hydrogels 
are indeed due to conformational changes within the mutu-
ally exclusive protein, we can readily explain the differences in 
hydrogel mechanical properties between oxidized and reduced 
states. The high Young’s modulus of the hydrogel under oxi-
dizing conditions relates to the shorter effective chain length 
between two crosslinking points as the host domain GL5CC 
is folded; the small hysteresis (high resilience) can be readily 
explained by the high mechanical stability of folded GB1 
domain, [ 26 ]  as only a small number of GB1 domains will unfold 
at high strain. [ 29 ]  In contrast, the lower Young’s modulus of 
the hydrogel in the reducing environment is the result of an 
increase in effective chain length between two crosslinking 
points as the host domain GL5CC is unfolded. The larger hys-
teresis is likely due to viscoelastic properties of the unfolded 

GL5CC domain. PBS buffer is a poor solvent for unfolded 
GL5CC domains, where unfolded GL5CC are likely to undergo 
hydrophobic collapse. Stretching the hydrogel will thus lead to 
the stretching of the unfolded, collapsed protein chain in the 
poor PBS solvent, leading to a viscoelastic response.  

  2.5.     Physical and Mechanical Properties of the Dynamic Protein 
Hydrogel can be Further Modulated by Protein Concentration 

 We further examined the possibility of using protein concen-
tration as a means of controlling physical and mechanical 
properties of G-R-(G-MEP-R) 2 -based hydrogels in oxidized and 
reduced states ( Figure    4  A–C). It is evident that protein concen-
tration has a signifi cant impact on the Young’s modulus of oxi-
dized hydrogel as well as resilience and swelling ratio of the 
reduced hydrogel; while the Young’s modulus of the reduced 
hydrogel as well as the resilience and swelling ratio of oxidized 
hydrogel are not signifi cantly affected by protein concentration. 
This result can be readily accounted for by effective crosslink 
density. The higher the protein concentration, the higher the 
crosslinking density, causing a more signifi cant effective length 
change between two crosslinking points in oxidized hydrogel 
than that in reduced state. It is evident that at higher protein 
concentrations, the mechanical and physical properties of G-R-
(G-MEP-R) 2 -based hydrogels can be dynamically tuned within a 
much broader range by a change in redox potential than that at 
low protein concentrations.    

  3.     Conclusion 

 Using a designed mutually exclusive protein-based folding 
switch, we have engineered the fi rst dynamic protein-hydrogels 
with tunable mechanical and physical properties. These hydro-
gels can mimic the dynamic changes that are common in cel-
lular environments and the extracellular matrix. By controlling 
the folded state of the mutually exclusive protein via the redox 
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 Figure 2.    The mechanical properties of G-R-(G-MEP-R) 2 -based hydrogels are responsive to redox potential. A). Typical stress-strain curves of the G-R-
(G-MEP-R) 2  hydrogel (200 mg mL −1 ) in PBS (oxidized), 10 mM DTT (reduced), and 20 mM H 2 O 2  (re-oxidized). The G-R-(G-MEP-R) 2  hydrogel is stiff 
and resilient under oxidizing condition, but soft and force-damping under reducing condition. The Young’s modulus of the hydrogel is 40 kPa and 
10 kPa under oxidizing and reduction conditions, respectively. The mechanical properties of the hydrogels are reversible in response to redox potential. 
B). The stress-strain curves of (G-R) 4  hydrogel in PBS (oxidized), 10 mM DTT (reduced), and 20 mM H 2 O 2  (re-oxidized). The mechanical properties 
of (G-R) 4  hydrogel do not change in response to the change of redox condition.
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potential, the effective chain length between two crosslinking 
points can be readily modulated, resulting in the dynamic mod-
ulation of hydrogel mechanical properties. This novel protein 
hydrogel can be tuned via redox potential between a soft, force-
damping hydrogel to a stiff, yet elastic hydrogel. This protein 
hydrogel platform enables the translation of protein folding-
unfolding conformational changes at the molecular level into 
macroscopic reversibly tunable mechanical properties, bridging 
molecular events that occur at the single molecule level with 

macroscopic properties of biomaterials. Our work demonstrates 
the great potential and feasibility of molecular level engineering 
of biomaterials with precise mechanical properties. 

 This novel protein-based material platform is distinct from 
previously reported dynamic polymer or polymer/protein 
hybrid hydrogels, as control of its mechanical and physical 
properties is modulated by a change in chain length between 
crosslinking points instead of a change in crosslinking den-
sity. This distinct feature entails this novel dynamic protein 
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 Figure 3.    Dynamic mechanical properties are directly correlated with conformational changes of the protein folding switch. A) Reducing kinetics of 
the MEP GL5CC(F)-I27(U) as monitored by ellipticity at 221 nm in 10 mM DTT. The increase of ellipticity at 221 nm indicates the unfolding of the 
host domain GL5CC under reducing condition. Single exponential fi t (black line) to the experimental data (in grey) measures a pseudo fi rst-order rate 
constant of 0.09 min −1 . B) Stress-strain curves of oxidized G-R-(G-MEP-R) 2  hydrogel as a function of time in 10 mM DTT. The hydrogel shows gradual 
decrease in Young's modulus and resilience with reduction time. C). Young's modulus derived from stress-strain curves in B) as plotted as a func-
tion of reduction time. The rate constant, k = 0.027 min −1 , was obtained from a single exponential fi t (solid line). D) Re-oxidizing kinetics of the MEP 
GL5CC(U)-I27(F) in 20 mM H 2 O 2  monitored by ellipticity at 221 nm by CD spectrometry. The decrease of ellipticity at 221 nm indicates the folding of 
the host domain GL5CC under oxidizing condition. Single exponential fi t (black line) to the experimental data (in grey) measures a pseudo fi rst-order 
rate constant of 0.12 min −1 . E) Stress-strain curves of G-R-(G-MEP-R) 2  hydrogel in 20 mM H 2 O 2  as a function of the reaction time. The hydrogel shows 
gradual increase in Young’s modulus and resilience with oxidation time. F) Young's modulus derived from each of stress-strain curves from (E) plotted 
as a function of time. The rate constant, k = 0.083 min −1 , was obtained from a single exponential fi t.
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hydrogel an advantage over previously reported dynamic hydro-
gels: specifi cally, the ability for reversible dynamic modulation. 
Photolytic or photocrosslinking methods lead to permanent, 
non-reversible changes in the mechanical properties of the 
hydrogel. By changing the chain length between crosslinking 
points, alterations in the mechanical and physical properties 
of this hydrogel are fully reversible, and can be cycled between 
two states over multiple cycles ( Figure    5  A–C, S4). This unique 
feature will enable new biological experiments that have not 
been possible.  

 Another unique feature of our dynamic protein hydrogel 
system is the dynamic range over which mechanical/physical 
hydrogel properties can be tuned. By combining changes in 
redox potential with varying protein concentrations, one can 

tune the mechanical and physical properties of the protein 
hydrogel over a broad range. In addition, the mechanical prop-
erties of hydrogels can be precisely controlled -by the redox 
environment- in a continuous fashion between two extreme 
values by controlling reaction time. We anticipate that improved 
design and engineering approaches will allow us to further 
expand the dynamic range of mechanical properties that can be 
realized within a single protein hydrogel system. These unique 
properties will not only open up new avenues and opportunities 
for a range of experiments in biological and tissue engineering 
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 Figure 4.    Protein-concentration dependence of A) the Young’s modulus, 
B) resilience, and C) swelling ratio of the G-R-(G-MEP-R) 2  hydrogel. Pro-
tein concentration ranges from 70 to 250 mg mL −1 .

 Figure 5.    Physical and mechanical properties of the G-R-(G-MEP-R) 2  
hydrogel can be cycled reversibly in their oxidizing and reducing state. 
A) Young’s modulus, B) swelling ratio and C) resilience. Within each 
cycle, the sample was repeatedly tested in PBS buffer (oxidized state), 
10 mM DTT (reduced state) and 20 mM H 2 O 2  buffer (re-oxidized state). 
The sample was allowed to suffi ciently reduce for 2 hours and re-oxidize 
for 1 hour between each measurement.
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studies, such as investigating cellular responses to dynamic 
changes to the extracellular matrix during cell differentiation, 
but also lead to new generation of smart biomaterials that may 
fi nd applications in microfl uidics and drug delivery systems. 

 Furthermore, the concept demonstrated here will also fi nd 
applications beyond protein-based hydrogels. Proteins that 
undergo conformational changes upon protein-ligand interac-
tions, such as calmodulin and adenylate kinase, have been used 
to trigger volume change of smart hybrid hydrogels. [ 15,17,19 ] . 
Compared to length changes resulting from ligand binding-
induced conformational changes (which can be up to 2 nm), the 
length change of the mutually exclusive protein-based folding 
switch is signifi cantly greater (∼18 nm). Hence, we anticipate 
that the engineered mutually exclusive protein-based folding 
switch can serve as crosslinkers to provide new approaches to 
engineering smart polymer-protein hybrid hydrogels for diverse 
applications.  

  4.     Experimental Section 
  Protein Engineering : Polyprotein GB1-R-(GB1-GL5CC-I27-R) 2  (GR(G-

MEP-R) 2 ) was constructed using standard molecular biology techniques 
(for simplicity, we henceforth refer to it as GR(G-MEP-R) 2 ). The gene for 
the mutually exclusive protein GL5-I27F was constructed as previously 
described, [ 37,38 ]  where the double-point mutation, 41C and 43C, within 
GL5CC-I27F was engineered via site-directed mutagenesis.   The DNA 
sequence of resilin, fl anked with 5’ BamHI and 3’ BglII and KpnI 
restriction sites, was synthesized by polymerase chain reaction (PCR). 
Digestion of resilin with BamHI and KpnI resulted in overhanging 
“sticky ends” whose sequence corresponded to that of the pQE80L-GB1 
vector digested with BglII and KpnI. The sticky-ended resilin insert was 
subsequently ligated into the digested pQE80L-GB1 vector to form 
pQE 80L-GR. Sticky ended GB1, GL5CC-I27F and resilin genes were 
subsequently cloned into the pQE80L-GR vector to form pQE 80L- 
GR(G-MEP-R) 2  in a similar manner.   The plasmid pQE80L-GR(G-MEP-R) 2  
was then transformed into the  Escherichia coli  strain DH5α. Protein 
expression was induced with 1 mM isopropyl-1-β-D-thiogalactoside 
(IPTG); the soluble protein was purifi ed by Co 2+  affi nity column. The 
yield of GR(G-MEP-R) 2  was 30–40 mg per liter of bacteria culture; the 
purifi ed protein was dialyzed against deionized water for two days to 
remove all the salts, and subsequently lyophilized. 

  Hydrogel Preparation : Preparation of the hydrogel was based on a 
well-developed Ru(II)(bpy) 3  2+ -mediated photochemical crosslinking 
strategy. [ 29,41,44 ]  The lyophilized protein was re-dissolved in phosphate 
saline buffer (PBS), and the protein solution in ammonium persulfate 
(APS, 50 mM) and Ru(II)(bpy) 3  2+  (0.2 mM) was quickly transferred to a 
custom-made plexiglass mold containing a ring-shaped slot (d in  = 8 mm, 
d out  = 10 mm, h = 3 mm). A 200 W fi ber optic white light source was 
used to irradiate the sample for 10 min at a height of 10 cm. The ring 
sample was then carefully taken out of the mold and stored in PBS 
buffer. Hydrogels prepared in this way is quite stable, and can be stored 
for one year with no noticeable erosion. 

  Swelling Ratio Measurement : The hydrogel swelling ratio is measured 
by mass difference, calculated between the freshly made gel and the 
equilibrium gel in oxidized, reduced and re-oxidized states. 10 mM DTT 
and 20 mM H 2 O 2  were used to create reduced or re-oxidized conditions, 
and the swelling ratio was calculated by r = (m-m 0 )/m 0 *100%, where m 0  
is the weight of the freshly prepared hydrogel and m is the weight of the 
hydrogel after reaching swelling equilibrium. 

  Tensile Test : Tensile tests were performed using an Instron-5500R 
tensometer with a custom-made force gauge. [ 29 ]  The ring shaped 
hydrogel was fi xed at one end and stretched by a hook from the other 
end. The hydrogel stored in PBS was stretched to the given length at 
a strain rate of 25 mm/min at a constant temperature of 20 °C. The 

local slope at 15% strain on the stress-strain curve was taken as the 
Young’s modulus at 15% strain. For tensile tests under a reducing 
condition, 10 mM dithiolthreitol (DTT) in PBS was used. For reoxidizing 
the hydrogel, the hydrogel was transferred to PBS buffer containing 
10 mM H 2 O 2 . To monitor the reducing and reoxidizing kinetics in the 
hydrogel, stretching-relaxation measurements were carried out as a 
function of the reaction time.  
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