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ABSTRACT: Recently, there has been growing interest in harnessing genetically
engineered polymers to develop responsive biomaterials, such as hydrogels. Unlike
their synthetic counterparts, genetically engineered polymers are produced without
the use of toxic reagents and can easily be programmed to incorporate desirable
hydrogel properties, including bioactivity, biodegradability, and monodispersity.
Herein, we report the development of a copolymeric hydrogel that is based on the
calcium-dependent protein, calmodulin (CaM). For our system, CaM and M13, a
CaM-binding peptide, were incorporated into genetically engineered polymers with
intervening linkers containing cleavable sequences. Spectroscopic and multiple-
particle tracking (MPT) studies demonstrate that these polymers self-assemble
through calcium-stabilized, noncovalent crosslinking to form a soft viscoelastic
material. MPT further revealed that gelation is concentration-dependent. Collagenase
digests show that the protein polymers are selectively degraded through specific
cleavage. The modularity and stimuli-responsiveness of this system suggest its
potential as a flexible scaffold for biomedical applications.

■ INTRODUCTION
Since they were first proposed for biological use in 1960,1

hydrogels have been studied and used extensively for
numerous in vivo applications including wound dressing,2

controlled drug delivery,3−6 tissue engineering,7−11 and
biological sensing.12−15 In short, hydrogels are defined as
three-dimensional polymeric networks capable of retaining
large amounts of water while maintaining their structure. This
unique property is attributed to the hydrophilic nature of their
constituent polymers, which normally range from naturally
occurring polymers (e.g., polypeptides16−19 and polysacchar-
ides3,20−22) to chemically synthesized polymers (e.g., acryl-
amide,23,24 poly (vinyl alcohol),25−27 poly(ethylene glycol)
(PEG)28−30) and even hybrids of the two.31−34 In the last
couple of decades, there has been increasing interest in
exploiting protein engineering for the development of self-
assembling hydrogels for biomedical applications due to the
advantages of genetically engineered protein polymers.35−44

Various classes of genetically engineered polymers have been
developed to form hydrogels, including silk-like polymers,45,46

silk-collagen polymers,47 elastin-like polymers (ELPs),48,49 silk-
elastin-like polymers,45,50 collagen-like copolymers,51,52 and
leucine zipper copolymers.53 Broadly speaking, these classes
are similar in that they all incorporate repetitions of specific
sequence motifs derived from naturally occurring proteins to
elicit noncovalent crosslinking through the formation of
secondary or supersecondary structures (e.g., β-sheets, β-
spirals, and α-helical coiled-coils). In contrast, we have
developed engineered protein polymers that form crosslinks

through specific noncovalent interactions between two differ-
ent components, calmodulin (CaM) and the CaM-binding
peptide M13, that will assemble in response to the high
concentration of extracellular calcium ions found in vivo.
Our two-component system consists of two genetically

engineered proteins that have repetitions of either CaM or
M13 separated by a linker segment. This CaM- and M13-based
hydrogel system is represented schematically in Scheme 1. The
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Scheme 1. Conceptual Schematic of Proposed Hydrogel
Formationa

aStudies here report the characterization of the repeating (n = 3)
CaM-block (blue circle) and M13-block polymers (green line) that
interact in the presence of calcium to form a physically crosslinked
hydrogel material (shown on the right).
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amino acid sequence of both polymers can be seen in the
Supporting Figure S1. The CaM-based polymer consists of
three repeats of CaM with intervening 20-residue linker
segments that contain one collagen-derived sequence
(GPQGIWGQ), which is sensitive to cleavage by matrix
metalloproteinases (MMPs) known as collagenases. The M13-
based polymer consists of three repeats of M13 with the same
20-residue linkers segments. We will refer to these polymers as
calmodulin collagen-like polymers (CCLP3) and peptide
collagen-like polymers (PCLP3). CaM was chosen due to its
specific, calcium-dependent, high-affinity interaction with M13
and its remarkable resilience to denaturants54,55 and high
temperatures.56 CaM is a well-studied, intracellular calcium
signaling protein with two globular domains connected by a
flexible central helix.57 The C- and N-terminal domains both
contain a pair of EF-hand motifs that bind calcium and then
M13 in an ordered series of events; calcium binds with Kd < 10
μM,58−60 inducing exposure of the hydrophobic pocket in each
domain; then, these hydrophobic pockets bind to M13 (Kd =
10 nM)61 to form a specific, high-affinity complex. Since CaM
and M13 bind each other under typical extracellular
conditions, we expected that mixtures of hydrophilic CaM-
based and M13-based polymers would lead to the formation of
a hydrogel. Our two-component system was designed to be
easily tunable by modifying the sequence of CaM, M13, or the
linker segment, to self-assemble in situ within the extracellular
space where free calcium ion concentrations are tightly
regulated between 1.1 and 1.5 mM,62−64 and to be susceptible
to endogenous extracellular proteases for targeted degradation
for applications such as in situ drug delivery.3−6

Due to CaM’s unique properties and structure, it has
attracted interest in engineered protein-based systems. CaM-
based fusion proteins have been developed as intracellular
calcium sensors (c.f.65−67), as calcium-activated hydrogel
switches for microfluidic devices,68 and as sponge-like hydrogel
delivery systems for bioactive agents.69−73 Since these
technologies either measure or require fluxes in calcium levels
to function, their application is not appropriate in the
extracellular matrix where calcium concentration is consistently
maintained within a narrow range. However, there are two
reports known to us of CaM-based materials that exploit the
extracellular calcium levels for stabilization. Topp et al.
reported a CaM-based “toolkit” comprising polymers with
multiple components, including CaM-binding peptides, a
peptide that forms a helical bundle, and a segment of PEG.74

Another interesting application of CaM in a novel biomaterial
is a self-assembling particle that is made from CaM-ELP
polymers,75 in which calcium leads to particle assembly.
Our hydrogel system is unique compared to the other CaM-

based hydrogel materials in several ways. First, our system
consists of polymers that are entirely encoded on a genetic
level, whereas other CaM-based hydrogels are chemically
synthesized through reactions that require additional reagents
and purification steps.68,69,74,76 Genetically encoded polymers
have been reported to exhibit higher monodispersity and are
easily programmable, providing increased control over polymer
composition, solubility, and lifetime.41,45,49,77−83 Second, our
copolymeric hydrogel self-assembles rapidly in response to
calcium, a biologically relevant cue, and does not require the
addition of crosslinking reagents (allylamine, acrylamide,
bisacrylamide, acrylate, APS, TEMED) or photochemical
initiators. Facile calcium-induced assembly of our material
makes it potentially suitable for in situ formation in biomedical

applications. Third, the binding of calcium elicits gel formation
but would not be responsible for the function of the material,
such as drug release.68 Finally, the incorporation of collagen-
like sequences provides for degradation by endogenous
collagenases whose abundance and activity are increased in
chronic inflammation84−87 and cancer.88−92

Herein, we submit the first report of a new CaM-based
hydrogel that is designed to exploit the high extracellular
calcium concentration to form physical crosslinks between the
component polymers. The goal of this work is to establish the
utility of the hydrogel design by characterizing the fundamental
properties of the material. We began our investigation by first
elucidating the properties of the component polymers, which
include the CaM-M13 interactions, targeted degradation, and
rheology. In addition, the polymers were subsequently mixed
and studied to characterize conditions for hydrogel formation,
the hydrogel erosion profile under degradative and non-
degradative conditions, hydrogel morphology, and rheological
properties. These studies serve to establish this material’s
future potential as a flexible scaffold for biomedical
applications.

■ EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification. The genes for the CaM-

based (CCLP3) and M13-based (PCLP3) polymers each code for
three repeats of CaM and M13, respectively, and a C-terminal Cys
residue. The coding sequence for MMP cleavage sites was engineered
into all genes after each CaM or M13 sequence (GPQG/IWGQ).
CCLP3 and PCLP3 genes were synthesized, cloned into pET-28a (+)
vectors via NdeI/SalI or NdeI/Xhol restriction sites, and sequenced
to confirm their integrity (Genscript, Inc.). All genes were codon
optimized for expression in Escherichia coli. BL21(DE3) and DH5α
competent cells (Novagen) were subsequently transformed with the
expression vectors using a standard protocol and stored at −80 °C as
18% glycerol stocks.

CCLP3 and PCLP3 polymers were expressed and purified from
BL21(DE3) expression cells using standard protocols93 with the
following exceptions. Cell cultures were grown in lysogeny broth
containing 2% w/v tryptone, 1% w/v yeast, and 1% w/v NaCl. After
cells were grown on agar plates, a starter culture was inoculated with a
single colony and incubated (37 °C at 250 rpm) until the OD600 was
∼0.6 AU. Large 1-L expression cell cultures were inoculated with 5
mL of starter culture and incubated until 0.6−0.8. For CCLP3
transformants, the expression cultures were then induced with 0.8
mM isopropyl thiogalactoside (IPTG) and allowed to express for an
additional 5 h at 37 °C at 250 rpm. Alternatively, expression cultures
with PCLP3 transformants were removed from the incubator when
OD600 was 0.6−0.8, induced with 0.8 mM IPTG, and then expressed
at room temperature at 250 rpm for 18 h. After the cells were lysed,
CCLP3 was in the soluble fraction but PCLP3 in the insoluble
fraction.

For CCLP3 purification, the supernatant was heated to 80 °C for
10 min in the presence of 50 mM CaCl2, centrifuged, and the
supernatant was dialyzed against 20 mM Tris, 50 mM CaCl2, 1 mM
DTT, and pH 7.4 (binding buffer). The dialyzed samples were then
loaded onto phenyl sepharose (GE Healthcare).94 The stationary
phase was washed with 3 column volumes of binding buffer, followed
by 3 column volumes of wash buffer (20 mM Tris, 50 mM CaCl2, 0.5
M NaCl, 1 mM DTT, pH 7.4). CCLP3 was then eluted with 10 mM
ethylenediaminetetraacetic acid (EDTA), 200 mM Tris, and pH 7.4.
Fractions containing purified CCLP3 were dialyzed against deionized
water, lyophilized, and stored as a dry powder at −20 °C. For PCLP3
purification, the lysate pellet was washed three times with diluted
Triton X-100 (ThermoFisher), centrifuged, and resuspended in
denaturing HisTag chromatography buffer (20 mM Tris, 5 mM
imidazole, 6 M urea, pH 7.9) and loaded onto a Ni-NTA resin
(ThermoFisher) under denaturing conditions with imidazole-based
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competitive elution. The fractions containing purified PCLP3 were
dialyzed against denaturing 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid buffer (10 mM HEPES, 140 mM NaCl, 6 M urea, pH
7.4) and stored at −20 °C. The purity of the protein stocks was
assessed using sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) stained with Coomassie blue. The concen-
trations of CCLP3 and PCLP3 were determined using calculated
extinction coefficients,95 32 430 and 35 420 M−1 cm−1, respectively.
The molecular weights of the polymers were confirmed by matrix-
assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) (Voyager-DE, Perspective Biosystems) using a
sinapinic acid matrix.
Circular Dichroism. Calcium binding and protein−protein

interactions were monitored by the change in the circular dichroism
(CD) signal using an AVIV 202SF CD spectrometer. Polymer
samples (20 μM) were dissolved in HEPES buffer (10 mM HEPES,
140 mM NaCl, pH 7.4) containing 3 M urea. Exceptions are noted in
figure legends. Circular dichroism (CD) spectra were acquired from
200 to 300 nm in 1 nm increments at 25 °C with a 3 s averaging time.
Each sample was scanned in triplicate. The path length of the cuvette
was 0.1 mm. Data were corrected for the buffer spectrum and then
offset corrected.
Proteolysis of Collagen-Derived Sequences. The human

matrix metalloproteinase-1 (MMP-1) (AnaSpec, Inc.) was selected
to test degradation of the MMP-sensitive sequence by a specific
interstitial human collagenase. MMP-1 was activated by incubating at
37 °C with 1 mM 4-aminophenylmercuric acetate for 3 h. Following
activation, MMP-1 (20 nM) was added to 50 μM CCLP3 and
incubated at 37 °C. During digestion, 10 μL samples were taken at 0,
48, and 72 h. Proteolysis was quenched with the addition of 2X SDS
reducing loading buffer, and samples were stored at −20°C. The
cleavage products were then visualized using SDS-PAGE. No
proteolytic digests were attempted for PCLP3, since the stock
contains 6 M urea, a condition that impairs enzyme function. For pH-
dependence studies, digests of CCLP3 were conducted using
collagenase type I (Gibco), a crude isolate from Clostridium
histolyticum containing a mixture of seven collagenases (weighing
68−130 kDa). CCLP3 solutions (200 μM) were prepared at pHs 5.7,
6.5, and 7.4 using 2-ethanesulfonic acid buffer (100 mM MES, 100
mM NaCl, 10 mM CaCl2, 0.05% NaN3) and Tris buffer (100 mM
Tris, 100 mM NaCl, 10 mM CaCl2, 0.05% NaN3). Collagenase (0.02
mg/mL) was incubated with the protein polymer solutions at 37 °C
over a period of 21 h, and 10 μL samples were taken at various
timepoints as noted in the figure legend. Proteolysis was quenched
and the cleavage products were then visualized as described above.
For the digest conducted at pH 5.4, enzymatic activity was
undetectable (data not shown).
Hydrogel Formation. The general procedure for hydrogel

formation was as follows: Solution A: lyophilized CCLP3 was
resuspended in 10 mM HEPES, 140 mM NaCl, and pH 7.4 at a
desired concentration; Solution B: PCLP3 dissolved in denaturing
HEPES buffer (10 mM HEPES, 140 mM NaCl, 6 M urea, pH 7.4)
was concentrated, or diluted, to the desired concentration. To
Solution A, a small volume of CaCl2 and NaN3 was added and mixed
by gently pipetting. This solution was then combined with a volume
of Solution B to create a 1:1 molar ratio, mixed by gentle pipetting,
and allowed to equilibrate at room temperature for approximately 20
min. Unless otherwise specified, the final concentrations of added
calcium and NaN3, a bacteriostatic agent, were 20 mM and 0.05% (w/
v), respectively. To test the stabilizing effect of calcium ions on
hydrogel formation, the following experiment was performed.
Polymers were mixed (1:1 mole ratio) in microcentrifuge tubes to
form hydrogels in the absence of added calcium; contaminating
calcium ion concentration is ∼5 μM as determined by atomic
absorption spectroscopy.54,96 Calcium was added to one gel sample to
a total concentration of 20 mM. The chelator EDTA was added to the
other to a total of 5 mM concentration to chelate the contaminating
calcium ions. To test the effect of temperature on hydrogels, a sample
of 18% w/v hydrogel was prepared at 25 °C in 20 mM CaCl2. The
sample was subsequently placed in boiling water (100 °C) for 10 min.

Hydrogel Erosion and Degradation. Erosion profiles of the
hydrogel were determined spectroscopically. In a microcentrifuge
tube, 50 μL of hydrogels (9 and 18% w/v) were formed as described
above. To each hydrogel, 1 mL of erosion buffer (100 mM HEPES,
140 mM NaCl, 3 M urea, 1 mM CaCl2, 0.05% w/v NaN3, pH 7.4)
was added and the samples were incubated at 37 °C. The 1 mL of
erosion buffer was collected and replaced at specified timepoints over
a period of 48 h. The percent mass loss of protein was calculated by
determining the summative mass of eroded protein in the overlying
buffer, using the absorption at 280 nm, and subsequently dividing by
the total mass (the mass of protein that was calculated to be present
in the hydrogels formed). Studies were done in triplicate.

Proteolytic degradation of 9 and 18% w/v hydrogels was also
determined using the same procedure. To each hydrogel, 1 mL of
degrading erosion buffer (0.02 mg/mL collagenase, 100 mM HEPES,
140 mM NaCl, 3 M urea, 10 mM CaCl2, 0.05% w/v NaN3, pH 7.4)
was added and the samples were incubated at 37 °C. The 1 mL of
buffer was collected and replaced at specified timepoints over a period
of 48 h. Studies were done in triplicate.

Scanning Electron Microscopy. To assess the morphology of
the hydrogel, samples were prepared and imaged with a scanning
electron microscope (SEM). Using the general procedure described
above, 10% (w/v) hydrogels were formed in microfuge tubes, flash-
frozen in liquid nitrogen, and then dehydrated by lyophilization under
vacuum at −5 °C for at least 24 h. Lyophilized samples were then
fractured using a razor to reveal the interior, mounted, sputtered with
a thin layer (∼10 nm) of Pt, and then imaged using traditional SEM
JSM-7200 FLV FE-SEM in the School of Pharmacy Electron
Microscopy Facility at the University of Mississippi.

Multiple-Particle Tracking (MPT). Particle tracking is a
technique that utilizes micron-sized spherical tracers to probe the
microstructure and even local or bulk rheological properties of the
soft material in which they are embedded.97 This is done by tracking
the thermally driven displacements of the colloidal particles in real
time to obtain their ensemble-averaged mean square displacement
(MSD), which can then be used to calculate the complex shear
moduli (i.e., viscosity and shear moduli) of the medium. For our
studies, a Leica SP8 confocal laser scanning microscope in the
Department of Biological Sciences at the University of Mississippi,
mounted on a Leica DMI 8 inverted microscope with 63× NA 1.40
and 40× NA 1.30 oil immersion objectives, was used to record the
motion of 0.2, 0.5, 1.0, and 2.0 μm fluorescent carboxylate-modified
polystyrene spheres (Molecular Probes, Inc.). The tracer particles
were mixed with polymer samples at concentrations of 0.02−0.2 vol %
(∼107−109 particles/μL) to ensure that at least 100 particles were
tracked per frame. Sample volumes of 8 μL were loaded into 120-μm-
deep spacer wells (Invitrogen) between coverslips of 0.17 mm
thickness and immediately sealed to prevent evaporation and drift.
For hydrogels, tracers were added to each solution of polymer, which
were then mixed in wells and allowed to equilibrate for 30 min before
imaging. Tracers were excited at 510 nm using a white light laser, and
their fluorescence was monitored at 520−570 nm. Field of view areas
of 512 × 256 pixels (158 μm × 79 μm) and 512 × 512 pixels (158 μm
× 158 μm) were chosen to obtain a scan rate of 50 and 30 Hz,
respectively, using the resonant scanning mode. The optical section
was optimized to monitor a single layer of microspheres with a lateral
resolution of 155 nm. Particle positions were recorded for 1−10 min
yielding 3038−18 300 frames. All videos were recorded at a depth of
at least 20 μm to minimize hydrodynamic interactions with the
coverslip. Interactive Data Language (IDL, Harris Geospatial
Solutions) routines developed by Crocker and Grier98 were used to
trace particle trajectories, determine the MSDs, and extract viscosities.
All MSD data points were required to include a sampling size of
∼1000 displacement measurements to increase the statistical accuracy
of the results. Routines in the IDL routines were not altered, however,
parameters for locating features using the routines (e.g., bandpass
filter, feature size, masscut/lower brightness cutoff) vary between
samples. Each data set was optimized individually. The recorded
videos were saved as tiff files, which are directly read into IDL.
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Prior to microrheology studies of the novel materials, MSDs of 0.5
and 1 μm tracer particles in glycerol (0−70% w/w) were used to
validate our MPT scheme (see Figures S2 and S3). The MSD,
⟨Δr2(τ)⟩, is a function of lag time, τ = nΔt, where Δt is the time
interval between consecutive frames and n is a positive integer. The
shortest lag time possible (τ = Δt) is determined by the inverse of the
frame rate in which the video is recorded, which is typically 30−100
Hz. The longest lag time is limited by the total duration of the video.
In two dimensions, the MSD for an ensemble of particles is defined as

∑τ τ τ⟨Δ ⟩ = ⟨[ + − ] + [ + − ] ⟩
=

r
N

x t x t y t y t( )
1

( ) ( ) ( ) ( )
i

N

i n i i n i
2

1

2 2

(1)

where x and y represent the ith particle’s positions. The brackets
indicate a time-average over all start times t for a single particle
trajectory at a given lag time τn, and 1/N ∑i=1

N represents the
ensemble-average over all particle trajectories N for each lag time
observed. Thus, as lag time increases, the sample size of observed
particle displacements decreases, thereby lowering the confidence in
the calculated MSD. This statistical error was mitigated by increasing
the number of measured displacements required to calculate an MSD
data point for any given τ. The double-logarithmic plot of MSD versus
τ was fit to a power law, in which the data’s slope, α, qualitatively
describes the rheological properties of a medium and is defined as

α
τ

τ
= ⟨Δ ⟩d r

d
ln ( )

ln

2

(2)

For a purely viscous medium, such as aqueous glycerol, the log−log
plot of MSD versus lag time τ for an ensemble of thermally driven
particles increases linearly with time, MSD ∼ τα=1. Using the diffusion
equation, the MSD can be related to the diffusion coefficient, D, by
the following formula

τ τ⟨Δ ⟩ =r dD( ) 22 (3)

where d is the dimensionality of the displacements (2 for our studies).
The viscosity of the material can then be calculated using the Stokes−
Einstein equation

η
π

=
k T

aD6
B

(4)

where kB is Boltzmann’s constant, T is absolute temperature, and a is
the radius of the particle.

In contrast, particles embedded in a purely elastic medium will have
constrained motion and their displacement will fluctuate around an
equilibrium position, resulting in a constant MSD over time (α = 0).
Viscoelastic materials are more complex, possessing characteristics of
both viscous and elastic materials, and are capable of both dissipating
energy (viscous component) and storing energy (elastic component).
The slope of a log−log plot for viscoelastic materials falls in between
the elastic and viscous limits (0 < α < 1), as observed in the materials
under study here. A slope less than one suggests slow or subdiffusion
within the medium and indicates an elastic response. Although the
slope of the MSD plot can be used to describe the viscoelastic
properties of a medium, the MSD can also be used to quantitate
viscoelasticity in terms of the storage and loss moduli provided that
the continuum requirement is met by the materials. For viscoelastic
materials, a generalized Stokes−Einstein relation (GSER)99−102 can
be used to determine the complex shear modulus, G*(ω), which can
then be related to the storage G′(ω) and loss G″(ω) moduli. The
GSER is defined in the Fourier domain as

ω
π ω ω

* =
⟨Δ ⟩

G
k T

ai r i
( )

( )
B

2 (5)

ω ω ω* = ′ + ″G G iG( ) ( ) ( ) (6)

where = −i 1 , the angular frequency ω = 2π/τ, and ⟨Δr2(iω)⟩ is
the unilateral Fourier transform of the MSD. Since the Fourier
transform requires an infinite range, and the MSD data only cover a
limited range, implementation of this process can result in significant
errors in G*(ω) near the frequency extremes of the MSD data. To
help circumvent such errors, a local power law expansion of the MSD
around a desired frequency, ω, that was developed by Mason et al.,
and improved upon by Dasgupta et al., can be used to derive algebraic
estimates of the transforms.103,104 However, for the studies reported
here, the MSD data were sufficient to describe the rheological
properties of our material.

■ RESULTS AND DISCUSSION
Expression and Purification of CCLP3 and PCLP3.

Figure 1A shows a schematic of the CCLP3 and PCLP3
polymers, so named due to three repeats of either CaM and
M13, respectively; a thiol group is shown to depict the C-
terminal cysteine, which was incorporated into the constructs
as a potential site for specific covalent modification. Since these
constructs are novel, standard expression and purification

Figure 1. (A) Schematic of the CaM-based polymer CCLP3 (58 675 g/mol) and M13-based polymer PCLP3 (19 307 g/mol). Each polymer has 3
repeats of the crosslinking components CaM (blue rectangle) or M13 (green rectangle) followed by a segment containing the MMP cleavage site
(black bar). The N-terminal leader sequence (blue bar) contains a hexahistidine-tag for purification. The C-terminal cysteine is indicated by -SH;
this thiol serves as a potential site for covalently attaching a desired moiety. (B) Reducing and nonreducing SDS-PAGE assay of purified polymers:
lane 1, MW standard; lanes 2 and 3, reduced and nonreduced CCLP3, respectively; and lanes 4 and 5, reduced and nonreduced PCLP3,
respectively. (C) Mass determination of polymers using MALDI-TOF MS analysis.
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protocols were revised to optimize the level of expression as
noted in experimental procedures. Expression yields for
CCLP3 (∼100 mg/L of culture) were high compared to that
of PCLP3, which only yielded ∼40 mg/L of culture. Figure 1B
shows a reducing and nonreducing SDS-PAGE assay of the
purified constructs, indicating high purity and molecular
weights predicted by their sequence. Nonreducing SDS-
PAGE further revealed that disulfide bond formation via the
C-terminal cysteine for both CCLP3 and PCLP3 was
negligible (see Figure 1B, lanes 3 and 5). The solubility of
the CCLP3 polymer was high in water (≥5 mM); however, the
PCLP3 polymer required a denaturant to improve its solubility
in aqueous buffers (≥5 mM in 6 M urea). Molecular weights of
PCLP3 and CCLP3 were also determined experimentally using
MALDI-TOF mass spectrometry (Figure 1C), which yielded
masses of 19 227 g/mol (0.42% difference) and 58 575 g/mol
(0.17% difference), respectively, values nearly identical to
those based on the amino acid sequences.
Calcium Binding of CCLP and Protein−Protein

Interactions with PCLP. For our hydrogel system, calcium-
dependent hydrophobic interactions between complementary
polymers are used to form physical crosslinks, which lead to
the formation of the 3D hydrophilic network of the hydrogel.
It is important to determine if the context of CaM within the
polymer disrupts its ability to bind calcium or M13. Since
CCLP3 contains repeats of CaM, we expected that the
polymer should experience a conformational change upon
binding calcium.105,106 To test the calcium and PCLP3 binding
functionality of CCLP3, we first monitored the constructs in
the presence (saturated) and absence (apo) of calcium using
CD spectroscopy. These studies were performed at polymer
concentrations well below the critical concentration required
for gelation. Since PCLP3 has poor solubility in aqueous
solvents, PCLP3 spectra were obtained in buffered solution
containing 6 M urea. The spectra of all other samples were
acquired in HEPES buffered solutions with at least 3 M urea to
mimic the solution conditions under which the hydrogel would
form. The results of these spectroscopic studies can be seen in
Figure 2. As expected, PCLP3 appears disordered with no
observable secondary structure.106,107 In contrast, apo-CCLP3

exhibited two minima at 220 and 205 nm that are characteristic
of the α-helical structure of CaM,108 which suggests that CaM
is folded within the engineered polymer and in 3 M urea.
When calcium is added, an increase in CD signal is observed
for CCLP3 as expected based on similar studies of CaM,108

thereby demonstrating that the calcium-binding sites in CaM
are functional and undergo conformational change upon the
binding of calcium. Calcium-saturated CCLP3 was then mixed
with PCLP3 (1:1 molar ratio) to assess whether the polymers
interact. Results show that there was significant conformational
change as witnessed in the increased signal at 220 and 205 nm
indicating CCLP3 binds PCLP3, consistent with the literature
reports on CD spectra of isolated M13 and CaM constructs.106

These results indicate that CaM and M13 components of the
respective polymers are functional and interact in solution.
To determine the reversibility of the protein polymer

interactions, EDTA was added to samples containing calcium-
saturated CCLP3 bound to PCLP3. The CD spectrum shown
in Figure 2 confirms that when calcium is stripped from the
mixture of CCLP3 and PCLP3, the spectrum reverts to the
spectrum for apo-CaM for the minimum at 220 nm. The signal
at 205 nm is the sum of the signal of unstructured peptide and
apo-CaM, as we would expect. This result attests to the role of
calcium binding in promoting the association of polymers to
form noncovalent crosslinks and the reversibility of the
polymer interactions.

Targeted Degradation of Collagen-Derived Sequen-
ces. The second major functional aspect of the engineered
polymers is the degradability of the collagen-derived sequence
GPQGIWGQ, which is contained within the linker segments
that separate the crosslinking sites. This specific sequence is a
substrate for endogenous collagenases.109 The expected
fragmentation of CCLP3 due to targeted cleavage by
collagenases is shown in Scheme 2. Initial enzymatic cleavage

of CCLP3 creates a larger transient intermediate (∼38 kDa;
two CaM-linker repeats) and a single-repeat fragment (∼20
kDa). Subsequent cleavage of the intermediate 38 kDa
fragment yields two final terminal products (∼20 and ∼18
kDa).
To test the susceptibility of the GPQGIWGQ sequence to

collagenase, we first digested CCLP3 using human MMP-1, a
protease associated with normal tissue remodeling, especially
in chronic wounds.110−112 The SDS-PAGE assay of the digest
products at pH 7.4, shown in Figure 3, demonstrates that the
cleavage products obtained using MMP-1 coincide with the
predicted peptide map due to the activity of human MMP-1.
After a 48 h digest, remaining full-length CCLP3 can be seen
along with three additional bands, which correspond to the
two-repeat transient intermediates (∼38 KDa) and the two

Figure 2. CD spectra of CCLP3 were taken in order starting with the
apo state (○), Ca-saturated state (●), addition of equimolar levels of
PCLP3 to the saturated state of CCLP3 to create the ternary complex
(▼), and then the addition of EDTA to strip calcium from the ternary
complex (△). A spectrum of PCLP3 taken in 6 M urea is shown (■).

Scheme 2. Schematic of Peptide Map of CCLP3a

aRegardless of the initial cleavage, there are two similarly sized
fragments formed. Subsequent cleavage of those two fragments will
yield two terminal fragments at ∼20 and 18 kDa in a 1:2 ratio.
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terminal fragments (∼20 and ∼18 kDa), which increase in
abundance at a longer digest time.
The activity of collagenases is pH-dependent; an increase in

collagenase activity has been observed in acidified tissues
during inflammation84,113,114 and cancer.115,116 To test the pH-
dependent cleavage of CCLP3, we performed collagenase
digests at pH 7.4 (Figure 4A) and 6.5 (Figure 4B) using a
mixture of proteases isolated from C. histolyticum, the primary
component of which is collagenase.117 In Figure 4A,B, the
SDS-PAGE assay of the cleavage products of CCLP3 shows
convergence on the single-repeat fragments as the time
increases. Notice that the degradation of CCLP3 was

significantly slower at pH 7.4. Full-length CCLP3 and the
two-repeat fragment were both present after 21 h of digest at
pH 7.4. However, a marked increase in collagenase activity was
observed at pH 6.5 (Figure 4B) such that digests of CCLP3
were virtually complete after only 11 h. Thus, these digest data
indicate that the actual cleavage pattern follows the predicted
peptide map regardless of whether the collagenase activity is
from a human or a pathogen. We observed increased activity of
collagenase at the decreased pH level observed during chronic
inflammation.84,113,114 These findings confirm that the
chemistry of the engineered degradation sites is intact in
these polymers since they are degraded by the targeted action
of specific extracellular enzymes. The genetic origin of the
polymers allows for tuning of their degradability by simply
substituting new cleavage sites from a library of sequences with
varying degrees of specificity and kinetics across a range of
MMPs.118

Hydrogel Formation. To form hydrogels, solutions of
CCLP3 and PCLP3 polymers were combined in a 1:1 molar
ratio (CaM to M13) and mixed using a pipet to form 18% w/v
hydrogels. The mixture immediately clouded, likely due to the
decrease in the urea concentration and the generally poor
solubility of PCLP3. The polymers were mixed by pipetting.
By the third attempt draw into the pipettor, the mixture
became too viscous to pipet. Over a period of ∼10 min, the
cloudiness dissipated creating the transparent hydrogels shown
in Figure 5. This observation is likely a result of the slow
increase in solubility of PCLP3 due to the formation of
noncovalent crosslinks with CCLP3. The time frame of this
process illustrates that the polymers are in motion in the gel
and continue to optimize and establish crosslinks between
polymers even after the gel has become too viscous to pipet. As
is clear from the images of hydrogels in Figure 5, there is no
excess solvent that pools outside of the hydrogel matrix. This
observation was consistent for gels formed from total protein
polymer concentrations ranging between 9 and 18% w/v.
Swelling experiments showed no evidence of swelling beyond
the total volume of the mixed components (data not shown).
Further, the nature of the hydrogels is such that they do not
flow on vertical surfaces (Figure 5A). When gels were
mechanically manipulated, they deformed and remained
deformed, with only low levels of self-healing. This
deformation is obvious for the hydrogels in the microfuge
tubes shown in Figure 5B. These initial studies of gel formation
indicated to us that there was significant and pervasive
interaction between PCLP3 and CCLP3 in the mixtures
leading to the formation of a regular, apparently homogeneous
hydrogel.
Based on the equilibration time required for the

incorporation of precipitated PCLP3 into the gel and the
calcium requirement for high-affinity binding of M13 to CaM,
we expected that there would be a calcium dependence to the
character of the hydrogel that is formed. In Figure 5C is an
image of two microcentrifuge tubes with 18% w/v hydrogels
made with CCLP3 and PCLP3. The sample on the right is in
the presence of calcium. The sample on the left has EDTA
added to deplete the free calcium concentration119 to <0.01 ×
the Kd for calcium.58−60 The hydrogel on the left is cloudy
indicating that there was precipitation of protein, presumably
PCLP3, whose solubility is significantly lower in 3 M urea if it
is not crosslinked to CaM in the CCLP3 polymer.
Observations from this experiment demonstrate the critical
role of calcium in forming the noncovalent crosslinks between

Figure 3. SDS-PAGE assay showing fragments from digestion of
CCLP3 (50 μM) after 0, 48, and 72 h in solutions containing 20 nM
MMP-1; collagen cleavage resulted in transient intermediate (∼38
kDa) and terminal fragments (∼20 and ∼18 kDa), as predicted in
Scheme 2.

Figure 4. (A) SDS-PAGE assay of CCLP3 (stock) and collagenase
digest of the polymer at pH 7.4 with samples collected over a 21 h
period. (B) SDS-PAGE of CCLP3 (stock) and digest of the polymer
at pH 6.5 with samples collected over 21 h.
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component polymers, a result in agreement with the
spectroscopic studies presented in Figure 2 and studies
reported in the literature.106

The hydrogel is stable in boiling water, as illustrated in
Figure 6 below. In this study, a 18% w/v hydrogel was formed

as described above, but in a small glass sample vial (Figure
6A). The irregular surface of the 18% hydrogel is due to air
bubbles introduced upon pipetting highly concentrated protein
solutions. Figure 6B shows the same vial immediately after
placing it in boiling water for 10 min. After the hot water
treatment, the prominent air bubble on the gel surface was
gone, but minor air bubbles were still present, and the surface
of the boiled hydrogel had persistent irregularities, indicating
that heating did not “heal” the surface. There was no pooled
solution associated with the hydrogel. The hydrogel was a soft
solid before and after heating.

These experiments demonstrate that the CCLP3 and
PCLP3 polymers readily form a hydrogel that can accom-
modate large amounts of water in its matrix over the range of
the total polymer concentration that we tested (9−18% w/v).
Further, a 18% hydrogel is able to resist vertical flow without
significant deformation, as witnessed in both sets of gelation
experiments presented here. The PCLP3 polymer has low
solubility in aqueous solutions unless it is crosslinked within
the hydrogel network. We observed solubility issues when we
initially mixed the polymers prior to hydrogel formation and
again when the noncovalent crosslinking was destabilized by
removing calcium ions with the addition of EDTA chelator.
This “solubility” phenomenon allowed us to witness the ability
of the hydrogels to optimize the interactions within the
hydrogel over a 10 min period even after the gel was too
viscous to pipet. This observation implies that this material can
remodel itself on a molecular scale even if it retains
deformations on a macroscopic scale. Interestingly, the gel
matrix survives heat treatment at 100 °C, an attribute that is
likely due to the structural resilience of calcium-saturated
CaM,55,56 making it reasonable to assume that these hydrogel
materials could be sterilized for use in cell culture or in vivo.

Hydrogel Erosion and Degradation. Results from
erosion studies of the hydrogel can be seen in Figure 7. Initial
erosion rates for 9 and 18% w/v hydrogels were relatively high

Figure 5. Images of 18% w/v hydrogels. (A) Hydrogel was formed on glass coverslips and removed with a pipet tip. (B) Hydrogels (60 μL) were
formed within a microcentrifuge tube and subsequently deformed using a pipet tip. (C) Hydrogels (18%) were incubated in EDTA (left) or in
added calcium (right).

Figure 6. Hydrogel heat treatment; a 18% w/v hydrogel was formed
in a vial (A) and subsequently boiled for 10 min (B); water (C) is
shown for comparison. Image (B) was taken immediately after
boiling.

Figure 7. Erosion profiles of 9 and 18% w/v hydrogels with and
without the addition of collagenase; the presence of collagenase
accelerates the erosion of protein from the hydrogel material. Error
bars represent standard deviations obtained from triplicate data.

Biomacromolecules pubs.acs.org/Biomac Article

https://dx.doi.org/10.1021/acs.biomac.0c00043
Biomacromolecules XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00043?fig=fig7&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c00043?ref=pdf


with ∼20 and ∼10% mass loss, respectively, after 1 h. After 48
h, an estimated 66% of the 9% w/v hydrogel had eroded,
whereas only 50% of the 18% w/v hydrogel had dissolved.
These results demonstrate that the lifetime of the material can
be prolonged by increasing the percentage of the hydrogel.
This is likely due to the increase in the number of physical
crosslinks able to be formed between the polymers as well as
potential entanglements. Our resulting erosion profiles are
similar to those of other protein-based hydrogels.120−122 To
determine the erosion of the hydrogel under proteolytic
conditions, 9 and 18% w/v hydrogels were subjected to
collagenase activity, and their resulting erosion profiles can also
be seen in Figure 7. As predicted, considering the proteolysis
studies of CCLP3 polymer, both hydrogels experienced a
considerable increase in erosion rate and percent mass loss
upon the addition of protease. After 48 h, ∼75 and ∼67% mass
loss was determined for the 9 and 18% w/v hydrogels,
respectively. This increase in erosion is the direct result of
collagenase activity and demonstrates that this hydrogel
material would be capable of disassembling at an accelerated
rate if applied in the extracellular matrix, which is continually
remodeled by endogenous collagenases.
Morphology of Hydrogels. Figure 8 shows micrographs

of a 9% hydrogel sample prepared by lyophilization and
imaged using SEM. Compared to the traditional method of
SEM sample preparation, lyophilization has been reported to
have a minimized effect on the morphology of the hydrogel
and is commonly employed for morphology studies.123,124 The
resulting micrographs reveal an interconnected network with a
high degree of structural homogeneity between the surface
(Figure 8A,B) and interior (Figure 8C) of the hydrogel, as well
as a uniform spatial distribution of pores. Additionally, the
interwoven network possesses a distribution of pore sizes
normally ranging between 1 and 7 μm (Figure 8B). These
SEM results indicate that the material possesses extensive
external and internal porosity and would be permeable to
interstitial fluid, which contains extracellular components such
as calcium ions, proteases, metabolites, and growth factors.125

Microrheology of Polymers and Hydrogels. We began
our microrheological studies by first investigating the proper-
ties of each of the polymeric constituents of the hydrogel.
Figure 9 shows representative MSD curves for 1 μm probes
suspended in a series of individual polymer solutions of
CCLP3 (3−28% w/v) and PCLP3 (1−9% w/v) as well as data
from bovine serum albumin (BSA) solutions as a model
globular protein. The selected ranges of polymer concen-
trations correspond to the concentrations of each polymer
used to form 4−18% hydrogels in a 1:1 mole ratio in

subsequent experiments. MPT results obtained for relatively
dilute concentrations of CCLP3 (c ≤ 7%) and PCLP3 (c ≤ 2%
w/v) revealed MSD values that increased linearly with lag time
τ (slope α = 0.94 ± 0.01) over the time observed (Figure
9A,B). The probe dynamics in these dilute polymeric solutions
reflect simple diffusion, α ≈ 1, which indicates a predominantly
viscous response of the suspensions of CCLP3 and PCLP3 in
the lower range of polymer concentration. In higher
concentrations of CCLP3 (7% < c ≥ 13%) and PCLP3 (2%
< c ≥ 9%), the mobility of the particles was increasingly
constrained at short lag times (τ < 0.5 s), having MSDs with
initial slopes of α = 0.53 ± 0.24 and α = 0.51 ± 0.18,
respectively. The subdiffusion of probes within these polymeric
solutions reflects a predominantly elastic response of the

Figure 8. SEM micrographs depicting the morphology of a lyophilized 9% w/v hydrogel (1:1 molar ratio); (A) depicts the exterior of the sample;
white bar is 10 μm. (B) ∼10× magnification of image (A) that shows a subset of pores at the surface; (C) shows the interior morphology of the
hydrogel; white bar is 10 μm.

Figure 9. MSD plots were obtained for 1.0 μm fluorescent spheres
suspended in a series of concentrations of CCLP3 (A) and PCLP3
(B), as well as BSA (C) for comparison. Note that particle motion
becomes increasingly subdiffusive as the concentrations of polymers
increase, whereas particles exhibit normal diffusion in similar
concentrations of BSA, a control with similar MW to CCLP3.
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medium in higher polymer concentrations. However, at lag
times greater than 0.5 s, particle dynamics in these
concentrated CCLP3 and PCLP3 solutions approached simple
diffusion (α = 0.92 ± 0.05 and α = 0.94 ± 0.05, respectively).
The sublinear scaling of MSD with τ, ⟨Δr2(τ)⟩ ∼τα<1, at higher
concentrations is a common characteristic of complex
viscoelastic fluids such as polymeric solutions, which can
exhibit fibrillar entanglements and large-scale molecular
motions on timescales as low as milliseconds.126 The fibrous
nature of these protein polymers is further illustrated by
directly comparing the corresponding MSD data with that of
the globular protein BSA (Figure 9C), which showed no elastic
response at similar concentrations. Finally, studies of 5 mM
CCLP3 (28% w/v) and 5 mM PCLP3 (9% w/v) were
performed, since these are the concentrations of polymers that
are mixed to form a 18% hydrogel. For CCLP3 solutions at this
high concentration, particle motion was subdiffusive (α = 0.45)
over the total time observed, whereas particles in 9% (5 mM)
PCLP3 transitioned from slow to quick diffusion as lag time
increased. Ultimately, these MPT results obtained for the
polymer solutions confirm that the hydrogel components are
fibrous in nature possessing elastic character and that polymer
suspensions confer greater elasticity as concentrations increase
due to the formation of transient entanglements.
For microrheological studies of the hydrogels, the two

polymers were mixed in the presence of calcium to form 4−
18% w/v solutions with 1.0 μm tracer particles embedded,
allowed to equilibrate for 30 min, and then analyzed using
MPT. Tracking results in Figure 10A show that in polymer

mixtures at 4% w/v, particles diffused freely (α > 0.96) over
the time observed. When the total polymer concentration was
increased to 9% w/v, particle motion became highly restricted
(Δr ∼200 nm) at τ values less than 1 s, but showed signs of
slow diffusion (α > 0.4) at longer lag times. Additionally,
particles embedded in 13 and 18% w/v hydrogels appeared
increasingly confined (Δr ∼ 110 nm) with no indication of
diffusion over the time observed. This observed elastic
response is due to the formation of physical crosslinks between
CCLP3 and PCLP3. Data in Figure 10B,C show direct
comparisons of probe behavior in separate solutions of CCLP3
(13% w/v) and PCLP3 (4% w/v), as well as the resulting 18%
w/v hydrogel in which the polymers were mixed at the same
corresponding concentrations (equivalent to a 1:1 molar
ratio). Figure 10B shows representative confocal microscopic
images of the three probe-embedded samples. These images
illustrate that there is little to no aggregation of beads in the
polymer solutions and the hydrogel. In Figure 10C, the
corresponding MSDs obtained by particle tracking demon-
strate that when these polymers were mixed in an equimolar
ratio, the resulting 18% hydrogel exhibited greater elasticity
than the independent polymer solutions which comprise it due
to the crosslinking between CCLP3 and PCLP3. Ultimately,
these findings demonstrate that there is a critical concentration
(4% < c < 9%) of polymer required to sufficiently facilitate the
degree of crosslinking necessary for network formation. Once
formed, the gel’s microenvironment resembles that of a porous
elastic solid and allows for slow diffusion of micron-sized
particles at low concentrations, but increasingly restricts

Figure 10. (A) Hydrogels (4−18% w/v) were formed with embedded probes for MPT as previously described; gelation is dependent on the
concentration of the polymers used. (B) Confocal images of probes embedded in 13% CCLP3 (top), 4% PCLP3 (middle), and an 18% (a 1:1
molar ratio of 13% CCLP3 and 4% PCLP3) hydrogel (bottom) are shown; little to no apparent aggregation. (C) Compiled MSD plot depicting
MPT results for 18% hydrogel and individual polymer solutions (13% CCLP3 and 4% PCLP3). All particle tracking was conducted using 1 μm
probes.
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particle motion at higher polymer concentrations. Thus, these
results are in agreement with the morphology studies
presented above.
Probe Size Effects in Hydrogels. To accurately calculate

shear moduli for a viscoelastic medium using MPT, the
embedded particles must experience an identical microenviron-
ment, or spatial continuum. Due to observed heterogeneities
on the length scale probed (≤1.0 μm) and, thus, a breakdown
of the spatial continuum assumption, no bulk viscoelastic
moduli could be determined for our hydrogel material. For
closer comparison to the morphology data from SEM studies,
the microstructure of the hydrogels was further investigated
with 0.5 μm probes embedded in 18% w/v hydrogels and
tracked. The resulting radius-scaled MSDs for the tracers are
shown in Figure 11. When scaled with the corresponding

radius, the MSD curves for different-sized probes should
coincide if probes experience similar microenvironments.
However, the MPT results obtained show that the larger 1.0
μm probes exhibited a constant MSD (slope α ≈ 0) over all lag
times τ observed, whereas the particle dynamics for the smaller
0.5 μm probes varied over different timescales, having a
constant MSD (α ≈ 0) for τ < 1 and exhibiting subdiffusion (α
= 0.63) at τ > 1. This indicates that smaller nanoparticles can
diffuse more rapidly through the viscous fluid component of
the hydrogel, while large particles experience the elastic
response of the copolymeric network over extended durations
(albeit at varying degrees due to spatial heterogeneities).
Again, these results agree with the morphology data obtained
using SEM, which showed a microporous structure with pore
size ranging between 1 and 7 μm. The ability to encapsulate
microspheres is beneficial for in situ delivery applications, in
which cargo-loaded microspheres are entrapped within a
hydrogel and slowly released at a localized area to safely deliver
drug or growth factors.127−129 There have been several reports
of such “composite hydrogels” accomplishing long-term release
of drugs such as nonsteroidal anti-inflammatory agents,130

chemotherapeutic agents,131,132 and antibiotics.133

In summary, CCLP3 and PCLP3 polymers are fibrous
proteins that when mixed in the presence of calcium, self-
assemble to form a matrix with a uniform spatial distribution of
pores. This viscoelastic matrix encapsulates micron and
submicron particles, such that larger particles are more
constrained than smaller particles. The consistent morphology

and the viscoelastic properties of our CaM-based hydrogel
make it an appropriate scaffold for in situ drug delivery.

■ CONCLUSIONS
We have successfully developed a two-component, protein-
based hydrogel that is predicated on the calcium-stabilized
interaction between CaM and CaM-binding peptide M13.
Protein polymers were designed to contain three repeats of
CaM, or M13, with intervening degradable linker sequences.
The genetically engineered proteins were bacterially expressed
and purified using simple chromatographic methods. Spectro-
scopic studies demonstrate that CaM-based polymer CCLP3
reversibly binds PCLP3 in a calcium-dependent manner, which
is a biologically relevant cue for extracellular applications, and
self-assemble to form a soft porous network that would allow
for the diffusion of small ions and small molecules. Gelation is
dependent on the concentration of protein and is greatly
attenuated when calcium is removed, resulting in the
precipitation of PCLP3. This stabilizing effect of calcium is
advantageous in vivo, where calcium is tightly regulated at a
high concentration within the extracellular matrix. When
exposed to endogenous collagenases, which are pervasive in
disease processes involving inflammation, the polymers
undergo targeted cleavage at the linker regions. In addition,
erosion profiles reveal that collagenase activity increases the
disassembly of the hydrogel. These studies indicate that this
hydrogel system possesses appealing attributes that are
conducive to biological applications.
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