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Abstract
The rheological properties of cysteine-containing elastin-like polypeptide (Cys-ELP) solutions and
Cys-ELP hydrogels are reported. The Cys-ELP solutions exhibit a surprisingly high apparent
viscosity at low shear rate. The high viscosity is attributed to the formation of an interfacial cross-
linked “skin” at the sample surface, rather than the bulk of the Cys-ELP solution. At higher shear
rate, the interfacial cross-linked film breaks, and its influence on the viscosity of the Cys-ELP
solution can be ignored. Cys-ELP hydrogels are formed by mixing Cys-ELP and hydrogen
peroxide (H2O2). At fixed concentration of Cys-ELP, the gelation time can be tuned by the
concentration of H2O2. Cys-ELP hydrogels have the typical characteristics of covalent cross-
linked networks, as the storage moduli are larger than the loss moduli and are independent of
frequency in dynamic oscillatory frequency sweep experiments. The plateau moduli obtained from
linear frequency sweep experiments are much lower than those estimated from the number of thiol
groups along the Cys-ELP chain, indicating that only a small fraction of thiols form elastically
active cross-links. From the small value of the fraction of elastically active cross-links, the Cys-
ELP hydrogel is concluded to be an inhomogenous network. Under steady shear, a 2.5 wt% Cys-
ELP hydrogel shear thickens at shear rates lower than that necessary for fracture.

Introduction
Hydrogels are three-dimensional polymer networks capable of imbibing a significant
amount of water or biological fluids. They are a promising class of biomaterials that are
used extensively in the biomedical field, with applications including drug delivery and tissue
engineering. 1–3 In the field of drug delivery, research interest has now shifted from
hydrogel implants to injectable hydrogels formed by in situ chemical polymerization or by
sol-gel phase transition, as injectable materials offer several advantages including patient
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comfort and cost reduction. An ideal injectable biomaterial should meet the following
requirements: the system is in a sol state before administration; gelation starts to happen
immediately after injection; the gel is biodegradable and the breakdown products are
bioresorbable and nontoxic.4–8

Elastin-like polypeptides (ELPs) are a class of artificial polypeptides composed of the
pentameric repeat Val-Pro-Gly-Xaa-Gly (where Xaa is a guest residue that is any amino acid
except Pro) and are so named because this motif recurs in the tropoelastin gene of most
vertebrates. ELPs are increasingly utilized for many biomedical applications, as they are
nontoxic, biodegradable, and show good pharmacokinetics.9–13 We recently reported an
ELP that has periodic Cys residues at the 4th guest residue position (Cys-ELP) forms
hydrogels under mild oxidative conditions.14 The potential applications of Cys-ELP as an
injectable biomaterial depend on the rheological properties of both the injectable solution
(viscosity under shear) and of the oxidized gel (moduli, gelation time, and dynamic
mechanical properties). Herein, we investigate the rheological properties of Cys-ELP
solutions and Cys-ELP hydrogels as a function of their composition.

Experimental Section
Materials

The recombinant synthesis of Cys-ELP and control ELPs that do not contain Cys residues
without cysteine units (denoted as ELP throughout the paper to distinguish them from the
Cys-ELP) from a plasmid-borne synthetic gene in E. coli were reported in our previous
paper. 14 The Cys-ELP used in this work has 160 pentapeptide repeats, Val-Pro-Gly-Xaa-
Gly, where the guest residue Xaa are Ala:Val:Cys in the ratio of 14:1:1 so that 10 Cys
residues are periodically distributed along the polypeptide chain. The molecular weight of
this Cys-ELP is 62525 g/mol.14 The control ELP also has 160 pentapeptide repeats of Val-
Pro-Gly-Xaa-Gly, where the guest residue Xaa are Ala, Gly, and Val residues in the ratio of
8:7:1. The molecular weight of this ELP is 61223 g/mol.14 30 wt% hydrogen peroxide
(H2O2) solution and phosphate-buffered saline (PBS) were purchased from Calbiochem of
EMD Millipore (La Jolla, CA).

Preparation of Cys-ELP Solution
In this work, a 3.9 wt% Cys-ELP batch solution is first prepared by recombinant synthesis.
The batch solution was stored at −80 °C prior to use. The frozen batch solution was thawed
in a water bath at room temperature for 5–10 min and then kept in ice. Finally, an aliquot of
the 3.9 wt% Cys-ELP batch solution was diluted with PBS buffer to prepare a buffered
solution of the desired Cys-ELP concentration (from 0 wt% to 3.9 wt%).

Preparation of Cys-ELP hydrogels
Cys-ELP hydrogels were formed by mixing a Cys-ELP solution with appropriate amounts of
H2O2 solution. H2O2 accelerates the formation of disulfide bonds in the Cys-ELP, thereby
permitting the formation of a crosslinked network. 14 For rheological measurements, Cys-
ELP hydrogels were made by mixing freshly prepared H2O2 solutions and Cys-ELP
solutions in PBS using a pipette to ensure good mixing. The samples were then transferred
immediately to the rheometer for characterization.

Rheological Measurements
Rheological data were obtained on an AR G2 rheometer (TA Instruments). A concentric
cylinder geometry and 8 mm parallel plates were used to characterize the rheological
properties of Cys-ELP solutions and Cys-ELP hydrogels, respectively. For rheological
measurement of Cys-ELP hydrogels, mineral oil was used at the edge of the samples to
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prevent evaporation of water in the hydrogels and to prevent air oxidation of the cysteines.
To characterize the gelation kinetics of Cys-ELP hydrogels, time-sweep experiments were
performed at a frequency of 3 rad/s at strains within the linear region. Strain sweeps were
performed across a strain range of 0.001 to 200 at 10 rad/s. Dynamic oscillatory frequency
sweeps from 0.1 to 10 rad/s were carried out at appropriate strains within the linear region.
Steady shear measurements were performed over a range of shear rates between ~10−3 and
~103 s−1. The experiments were performed at 25 °C.

Results
Rheological properties of Cys-ELP solution

The steady shear behavior of different concentrations of Cys-ELP in PBS is shown in Figure
1. For samples with concentrations of Cys-ELP from 0.3 wt% to 3.9 wt% (Figure 1a), an
unexpectedly high apparent viscosity (~0.8 Pa•s) and shear thickening – characterized by an
increase in viscosity with shear rate– are observed at low shear rate (from ~10−2 to ~10−1

s−1). The possible mechanism of shear thickening is discussed later in the text. As the shear
rate is further increased from ca. 10−1 to 102 s−1, an apparent shear thinning – characterized
by an apparent decrease in viscosity with shear rate – is observed. As discussed below, the
torque is nearly constant over this apparent shear thinning regime, and the behavior likely
involves the motion of an intact sample (or part of the sample) and it is the friction over the
cylinder wall that is being measured. This regime is not the primary focus of this paper and
is discussed in more detail in the Supporting Information (Figure S1). At a yet higher shear
rate of ~103 s−1, the steady shear viscosity of the samples enters a Newtonian regime in
which it does not depend on the shear rate. The viscosity of the solutions in the Newtonian
regime increases with the concentration of Cys-ELP. For Cys-ELP samples with a
concentration of less than 0.1 wt% (Figure 1b), the viscosity at low shear rate is not shown
because the torque is close to the sensitivity limit of the instrument. In Figure S2
(Supporting Information), the steady shear results of analogous ELP solutions (0 wt% to 3.9
wt%) are shown, and, unlike their cysteine-containing counterparts, they do not exhibit an
apparent high viscosity at low shear rate during steady shear experiments. An analysis of the
shear stress versus steady shear rate for the 3.9 wt% Cys-ELP solution is shown in Figure 2.
In Figure 2b, no yield-stress is observed at low shear rate, so the fluid is not a Bingham
fluid.

The thiol groups in the cysteine units along the Cys-ELP chain can be oxidized in air to form
disulfide bonds, 14 and we hypothesized that the apparent high viscosity at low shear rate in
Figure 1 might be due to a cross-linked film at the air-liquid interface, rather than the bulk
Cys-ELP solution. To test this hypothesis, we fixed the area of the air-liquid interface while
simultaneously varying the contact area of the force-detecting surface of the rheometer by
loading different volumes of sample into the concentric cylinder geometry, as shown in
Scheme 1. The steady shear results of 3.9 wt% Cys-ELP solution with different loading
volume are shown in Figure 3. As the relative volume of the sample is decreased from 100%
to 40% (Scheme 1), the torque measured at low shear rate (e.g., 0.02 s−1) does not decrease
(Figure 3a), and, accordingly, the apparent shear viscosity at that shear rate does not
decrease (Figure 3b). This confirms that the steady shear behavior at low shear rate is
dominated by the surface, and not the bulk of the Cys-ELP solution. The selective
partitioning of the Cys-ELPs to the air-liquid interface would come with two effects, both of
which are observed in these samples. First, the bulk concentration required for surface layer
gelation would be lower than that necessary for gelation in the bulk, and the formation of an
interfacial layer occurs at Cys-ELP concentrations as low as 0.3 wt%, vs. approximately 2.2
wt% in the bulk (see below). Second, the torque observed under shear should be nearly
independent on bulk Cys-ELP concentration above a critical value necessary to form a fully
cross-linked surface layer, and this torque saturation is also observed (Figure 3a).
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In contrast to the low shear rate behavior, the torque in the high shear rate Newtonian regime
(e.g., at 103 s−1) decreases as the volume of loaded sample decreases. In this case, the torque
exerted on the inner cylinder is proportional to the contact area, and thus it reflects a bulk
property of the loaded sample.15 We conclude that the cross-linked Cys-ELP film at the air-
liquid interface breaks under higher stresses (the apparent shear thinning regime in Figure
1), beyond which point the contribution of the interfacial cross-linked film to the viscosity of
the samples is minimal.

As discussed above, the viscosity in the Newtonian regime reflects the viscosity of bulk
Cys-ELP solution without any disulfide bond forming. As the cross-linking of Cys-ELP
solution at the air-liquid interface is hard to avoid, the apparent viscosities (ηapparent) of Cys-
ELP solution in the high shear Newtonian regime in Figure 1 are used as the viscosities of
the bulk Cys-ELP solution. In Figure 4a, ηapparent versus the concentration of Cys-ELP
solution is shown. For 5×10−5 g/mL and 1×10−4 g/mL Cys-ELP solution, the viscosity is
almost the same as that of pure PBS buffer. As the concentration of Cys-ELP solution is
increased, ηapparent increases. Figure 4b shows the plot of reduced viscosity (ηsp/C) versus
concentration (C) of Cys-ELP solution. ηsp is the specific viscosity and is defined as ηsp=
(η/ηs) −1, where η is the viscosity of polymer solution (ηapparent here) and ηs is the viscosity
of pure PBS buffer here. The intrinsic viscosity ([η]) is obtained by the Huggins equation:16

(1)

where K′ is the Huggins constant. In Figure 4b, the reduced viscosity (ηsp/C) has a linear
relationship with concentration of Cys-ELP (C) from 0.010 g/mL (1.0 wt%) to 0.039 g/mL
(3.9 wt%). However, as concentration of Cys-ELP (C) decreases below 1.0 wt%, the
reduced viscosity (ηsp/C) increases and does not have a linear relationship with C. Similar
results are obtained for ELP solutions (data not shown). This phenomenon is well known for
aqueous polymer solutions, 17–19 and the high value of ηsp/C in dilute solution is thought to
be caused by the absorption of polymer to the geometry. 17–19 Following previous
treatments, 17–19 the data from the linear range in Figure 4b (C ranges from 0.010 g/mL to
0.039 g/mL) is used to obtain the intrinsic viscosity [η]. In Figure 4b, the [η] of Cys-ELP
solution is determined to be ~45.0 mL/g. Experimentally, the overlap concentration C* (as
[η]C =1) and the critical concentration of entanglement Ce (as [η]C = 4) are used to
distinguish the concentration regimes: the dilute regime as C<C*([η]C<1); the semidilute
unentangled regime as C*<C<Ce (1<[η]C<4); and the semidilute entangled regime as C>Ce
(4<[η]C<10).16,20,21 The overlap concentration C* determined in this manner is about 0.022
g/mL (or 2.2 wt%), and so the three different concentrations of Cys-ELP solution (2.5 wt%,
3.5 wt%, and 4.5 wt%) used below are in the semidilute unentangled regime. We note that
although most naturally occurring polypeptides are polyelectrolytes, the genetically
engineered sequence of Cys-ELP contains no charged residues, and so the only charged
groups on the ~62 kDa polymer are the terminal amine and carboxylic acid groups. The
Debye screening length in PBS is approximately 0.7 nm, the minimal contribution of these
two charges on the overlap concentration C* is neglected. While surface adsorption and
charged end groups might have a minor influence on the derived value of C*, we note that
the value obtained here is in excellent agreement with that obtained on a similar system
previously using photon correlation spectroscopy.22

Interchain cross-linking is favored relative to intrachain cross-linking above the overlap
concentration, promoting network formation. 20,23 This value of C* is therefore consistent
with our previous observation that a Cys-ELP hydrogel is formed for samples with
concentrations of Cys-ELP above 2.5 wt% and appropriate amounts of H2O2, while no
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hydrogel is formed for 1.0 wt% Cys-ELP solution, as characterized by the inverted tube test
(Figure S3, Supporting Information).14

Rheological properties of Cys-ELP hydrogel
As discussed above, to form a cross-linked Cys-ELP hydrogel, the concentration of a Cys-
ELP solution should be above the overlap concentration (2.2 wt%). Thus, three different
concentrations of Cys-ELP solution (2.5 wt%, 3.5 wt%, and 4.5 wt%) were used here to
form the Cys-ELP hydrogel. To determine the critical concentration of H2O2 solution
necessary to form a Cys-ELP hydrogel, six different concentrations of H2O2 solution from
0.01 wt% to 3 wt% were used. To reduce the influence of oxygen in the air on the formation
of disulfide bonds in the Cys- ELP hydrogels, mineral oil was applied to the edge of samples
to restrict the contact of the sample with air.

In a covalent cross-linked network, the storage modulus G΄ is larger than the loss modulus
G˝ under linear oscillatory deformation,24 and time sweep experiments can be used to
determine the evolution of G΄ and G˝ during the cross-linking.11 The time at which G΄
equals or exceeds G˝ is called the gelation time.12 In Figure 5, the time sweep experiment of
a 2.5 wt% Cys-ELP solution after addition of 0.3 wt% H2O2 is shown. The value of G΄ is
larger than G˝ from the start of the measurement, indicating that a network structure is
formed immediately, and it is therefore hard to determine the exact gelation time in this
case. G΄ increases with time from ~5 s to ~300 s and reaches a plateau value after ~300 s,
whereas G˝ fluctuates with time and no apparent increase is observed. These results suggest
that the thiol residues within the Cys-ELP hydrogel continue to cross-link over the time until
G΄ reaches its plateau value, and we denote the time at which G΄ reaches its plateau as the
equilibrium time. The equilibrium time is 300 s for the hydrogel formed from 2.5 wt% Cys-
ELP and 0.3 wt% H2O2. All subsequent linear oscillatory frequency sweep data for Cys-
ELP hydrogels with 2.5 wt% Cys-ELP and 0.3 wt% H2O2, described below, were obtained
after the equilibrium time had passed to ensure that the Cys-ELP hydrogel has a stable
network structure. The gelation time of a sample with 2.5 wt% Cys-ELP and 0.01 wt%
H2O2 is about 600 s, while other samples form a gel at the beginning of experiments and the
exact gelation time is hard to determine (< 5s). For a 2.5 wt% Cys-ELP solution with 0.01
wt%, 0.03 wt%, 0.1 wt%, 0.2 wt%, and 3 wt% H2O2, the equilibrium time is about 1200 s,
600 s, 300 s, 300 s, and 10 s, respectively (Figures S4–S8, Supporting Information). From
the results in Figures S4–S8, we know that the critical concentration of H2O2 solution for
samples with 2.5 wt% Cys-ELP to ensure gelation is as low as 0.01 wt%.

We next consider the linear rheological properties of equilibrated Cys-ELP hydrogels. In
Figure 6, the linear oscillatory frequency sweep results of Cys-ELP hydrogel with 2.5 wt%
Cys-ELP and 0.3 wt% H2O2 are shown. The storage modulus (G΄) is larger than the loss
modulus (G˝), and both G΄ and G˝ are independent of frequency, across the experimental
range, further confirming that a cross-linked network is formed.24 From the plateau value of
G΄ in Figure 6, the plateau modulus (G0) is obtained. Similar frequency sweep results were
obtained for Cys-ELP hydrogels formed under different conditions, and G0 of samples with
different concentrations of Cys-ELP and H2O2 solution are summarized in Figure 7. At a
fixed concentration of Cys-ELP, G0 increases as the concentration of H2O2 is increased
from 0.01 wt% to 0.03 wt%, but higher H2O2 concentrations have little or no effect on G0.
At fixed concentrations of H2O2, G0 increases with concentration of Cys-ELP, providing the
opportunity to tune hydrogel stiffness.

The steady shear behavior of the equilibrated Cys-ELP hydrogel formed from 2.5 wt% Cys-
ELP and 0.3 wt% H2O2 is shown in Figure 8. The viscosity increases with shear rate (shear
thickening) from 10−4 to ~10−2 s−1, before dropping precipitously with further increase in
shear rate. The similarity of this behavior in the Cys-ELP hydrogels to that observed
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(although at a lower magnitude) in the Cys-ELP solutions (Figure 1) further supports the
formation of an air-oxidized cross-linked film in the latter system. The shear thinning of the
networks is inferred to be caused by network fracture,23 as the gels are broken into pieces
under these conditions. The shear thickening mechanism is less obvious. We rule out
additional cross-linking due to ongoing oxidation, because the steady shear experiments are
started only after the 300 s equilibration time has elapsed and the concentration of free thiol
groups in the hydrogel is determined to be very small and can be ignored.14 To date, the
potential mechanisms for shear thickening of polymer networks have been classified into
two main categories. The first ascribes shear thickening to the nonlinear high tension along
stretched polymer chains beyond the Gaussian range. 25–27 The second mechanism attributes
shear thickening to a shear induced increase in number of elastically active chains.28–30 The
Cys-ELP hydrogels are covalently cross-linked, and a reorganization of network structure
without fracture seems unlikely. We therefore infer that the main contribution to the shear
thickening behavior is likely nonlinear high tension along stretched polymer chains, but did
not investigate this mechanism further.

The strain sweep behavior of the equilibrated Cys-ELP hydrogel formed from 2.5 wt% Cys-
ELP and 0.1 wt% H2O2 was also examined. As shown in the supporting information, a
linear response regime was observed for both G΄ and G˝ at low strain, while strain hardening
was observed in G΄ and G˝ at intermediate strain and strain softening of G΄ and G˝ at higher
strain (Figure S9). The nonlinear strain sweep results are similar to the nonlinear steady
shear results shown in Figure 6, and although we do not pursue it further here, we therefore
infer that the strain hardening is also caused by nonlinear high tension along stretched
polymer chains.31

Discussion
Solution Properties

We have previously demonstrated in animal experiments that Cys-ELP solutions are
potentially valuable as injectable biomaterial platforms by using dual-needle simultaneous
injection with an oxidizing H2O2 solution.14 The rheological properties of Cys-ELP
solutions are directly relevant to their potential use in this regard. In particular, the sol before
administration should be of sufficiently low viscosity to allow injection with minimal pain,
and our results show that at concentrations that are suitable for rapid gelation, the bulk
solution properties are quite favorable. The initial viscosities of Cys-ELP solution are low
(10−3 – 10−2 Pa•s) and the solutions are Newtonian up to shear rates of 103 s−1. Indeed, Lys-
containing ELPs reported previously as a potential hydrogel required concentrations in
excess of 20 wt%, chemical cross-linkers, and also heating.11,12 The Cys-ELP presented
herein formed a hydrogel faster than the previously reported ELPs, without any exogenous
cross-linking chemistry other than the H2O2, at lower concentration of Cys-ELP (the
minimum is 2.5 wt%), and under physiological conditions. The quantitative measurements
are supported further by qualitative observations: in practice, the solutions were easy to
handle and to load into the geometry of the rheometer. The Cys-ELP solutions are therefore
comparable to non-cysteine bearing ELP solutions employed with success previously.

Our studies did uncover, however, a potential complication in the form of an air-oxidized,
cross-linked “skin” at the air-liquid interface. This skin could provide significant resistance
to flow, with apparent relative viscosity increases of 2–3 orders of magnitude or higher,
depending on sample surface-to-volume ratio. While various strategies for inhibiting
oxidation might be envisioned, the rheological studies demonstrated a practical solution to
surface film formation. The skins are easily broken by shear, and so compromised samples
could be “pre-sheared” immediately prior to injection, for example by repeatedly drawing

Xu et al. Page 6

Biomacromolecules. Author manuscript; available in PMC 2013 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



into and out of a syringe. Such mechanical action restores the solution rheology to its
intrinsic properties.

Hydrogel Properties
The properties of the networks during and following gelation also impact their potential
utility. For modest concentration of H2O2 (< 3 wt%), the gelation kinetics are fast – too fast,
in many cases, to be characterized in the rheometer. Injectable biomaterials need to gel
rapidly in order to form a depot and/or scaffold in vivo, and the gelation times exhibited by
Cys-ELP are rapid enough to be useful for biomedical applications. Furthermore, the
mechanical strength of a hydrogel is an important physical parameter for controlling its
degradability and the release of drugs. The present rheological study reveals that the
mechanical strength is tunable by changing the concentrations of Cys-ELP and H2O2, which
offers a flexible platform for the design of injectable hydrogels for medical application. 3 wt
% of H2O2 is generally used as a common, mild oxidative antiseptic for wound cleaning
because it is well-known to be rapidly metabolized to non-toxic products, oxygen and water,
in vivo. The lower concentration of H2O2 required to form hydrogels in this system is an
advantage for its potential biomedical application.

Hydrogel Structure
From the frequency sweep results of samples, the plateau moduli (G0) are obtained from the
constant value of G΄ at high frequency (Figure 7), and the number density of elastically
active chains (ν) can be calculated by the following equation: 20

(2)

where kB is the Bolzmann constant and T is the temperature. The maximum theoretical
number of cross-links per unit volume (ν0) in the samples is calculated from the
concentration of Cys-ELP and number of thiol groups per Cys-ELP chain. We refer to the
ratio of apparent to theoretical active chains, ν/ν0, as the fraction of elastically active
chains. According to the results in Figure 7, ν/ν0 ranges from 0.1% to 9% for samples with
different concentrations of Cys-ELP and H2O2 solution (Figure S10, Supporting
Information). The small value of ν/ν0 indicates that only a small fraction of thiol groups
along the Cys-ELP chain form elastically active (interchain) cross-links. In our previous
work, the content of thiol groups in the hydrogel (2.5 wt% Cys-ELP and 0.3 wt% H2O2
solution) was quantified using 5,5’-dithiobis(2-nitrobenzoic acid) with L-cysteine as a
standard, and we found that the fraction of free thiol groups left unreacted in the as-formed
hydrogel is very small and can be ignored.14 So we conclude that most of thiol groups along
Cys-ELP chain form inactive intrachain cross-links.

We have to note that hydrogels are necessarily heterogeneous, and, in all cases, there must
be some steady-state fraction of discrete (uncrosslinked) polymers and cross-linked polymer
aggregates in the network.20, 32, 33 The presence of such “non-networked” fragments should
not affect the main features of this analysis, because they do not contribute substantially to
the bulk viscoelastic properties of the samples. 32 Additionally, we point out that the
heterogeneity means that the value of ν/ν0 as calculated above underestimates the true
average number of active cross-links per polymer chain within the active network structure,
because it is the ratio of the number of active cross-links (all of which are in the active
network) to the total number of polymer chains (some of which are in the active network,
and some of which are not). 33

Xu et al. Page 7

Biomacromolecules. Author manuscript; available in PMC 2013 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusion
The rheological properties of cysteine-containing elastin-like polypeptide (Cys-ELP)
solutions and Cys-ELP hydrogels are reported. Cys-ELP solutions form a cross-linked film
at the air-liquid interface due to interfacial air oxidation, and the apparent high viscosity of
Cys-ELP solutions at low shear rate is mainly attributed to the interfacial cross-linked film
rather than to the bulk Cys-ELP solution. At higher shear rate, the interfacial cross-linked
film is broken, and the influence of the interfacial cross-linked film on the viscosity of Cys-
ELP solution can be excluded. The overlap concentration of Cys-ELP (2.2 wt%) is
calculated from the apparent viscosity of Cys-ELP solution in the Newtonian regime at high
shear rate, and this concentration provides an important benchmark for solution
concentrations that are necessary in order to achieve subsequent chemically triggered
gelation.

Hydrogen peroxide (H2O2) is used to accelerate the disulfide cross-linking to form a Cys-
ELP hydrogel. Cys-ELP hydrogels have the typical characteristic of covalent cross-linked
networks, as the storage moduli are larger than the loss moduli and moduli do not exhibit
frequency dependence during linear frequency sweep. The plateau moduli obtained from the
linear frequency sweep experiments are much lower than that estimated from the total
number of thiol groups along the Cys-ELP chain, which indicates that only a small fraction
of thiol groups form elastically active cross-linkers. Cys-ELP hydrogels also show shear
thickening during steady shear experiments. The mechanisms of shear thickening are
inferred to be mainly caused by the non-Gaussian stretching of polymer chains.

The combination of solution properties, gelation kinetics, and ultimate hydrogel moduli and
network structure suggest that the Cys-ELPs are promising candidates for biomedical
applications, as they are compatible with the criteria required of an injectable biomaterial. In
that pursuit, the ability to engineer structural variations in the Cys-ELP component through
recombinant DNA techniques and the complementary ability to tune the ultimate properties
by optimizing the concentrations of both Cys-ELP and hydrogen peroxide provide an
opportunity to tune the properties of the system for a desired application.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Steady shear viscosity (η) of different concentrations of Cys-ELP in PBS as a function of
shear rate (γ̇). (a) Concentrations of Cys-ELP ranging from 0.3 wt% to 3.9 wt%; (b)
concentrations of Cys-ELP range from 0 wt% to 0.1 wt%.
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Figure 2.
Shear stress (σ) versus shear rate (γ̇) for 3.9 wt% Cys-ELP solution during steady shear
experiments. (a) All range of shear rate in logarithmic plot; (b) low shear rate in linear plot.
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Figure 3.
(a) Torque during steady shear of different volumes of 3.9 wt% Cys-ELP solution loaded in
a concentric cylinder geometry (Scheme 1) as a function of the shear rate (γ̇); (b) Apparent
steady shear viscosity (η), not corrected for sample volume, of different volumes of 3.9 wt%
Cys-ELP solution (Scheme 1) as a function of the shear rate (γ̇).
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Figure 4.
(a) Apparent viscosity of bulk Cys-ELP solution (ηapparent) versus the mass concentration
(C) of Cys-ELP solution; (b) Reduced viscosity of bulk Cys-ELP solution (ηsp/C) versus the
mass concentration (C) of Cys-ELP solution. Dotted line is used for fitting.
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Figure 5.
Evolution of storage (G΄) and loss (G˝) moduli during the gelation of 2.5 wt% Cys-ELP
solution with 0.3 wt% H2O2. Scanning frequency is 3 rad/s, strain is 5% (linear regime).
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Figure 6.
Storage (G΄) and loss (G˝) moduli as a function of frequency (ω) for a Cys-ELP hydrogel
formed from 2.5 wt% Cys-ELP and 0.3 wt% H2O2.
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Figure 7.
Equilibrium plateau modulus (G0) of Cys-ELP hydrogels as a function of the concentration
of H2O2 for different concentrations of Cys-ELP.
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Figure 8.
Steady shear viscosity (η) versus shear rate (γ̇) for Cys-ELP hydrogels formed from 2.5 wt
% Cys-ELP and 0.3 wt% H2O2.

Xu et al. Page 17

Biomacromolecules. Author manuscript; available in PMC 2013 August 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Schematic of different volume of loaded Cys-ELP solution in the concentric cylinder
geometry of the rheometer. The contact area of samples with the inner cylinder, which in
turn is connected to the torque transducer, is decreased by decreasing the volume of the
loaded samples (from 100% to 40% of the fully loaded volume). The air-liquid interface
area (red) remains constant.
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