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Bioinspired Reversibly Cross-linked Hydrogels Comprising
Polypeptide Micelles Exhibit Enhanced Mechanical
Properties
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_ _ 1. Introduction
Noncovalently cross-linked networks are attractive hydrogel platforms because

of their facile fabrication, dynamic behavior, and biocompatibility. The majority
of noncovalently cross-linked hydrogels, however, exhibits poor mechanical

Advances in molecular biology and syn-
thetic chemistry have enabled the develop-
ment of engineered proteins and polymers

properties, which significantly limit their utility in load bearing applications. To
address this limitation, hydrogels are presented composed of micelles created
from genetically engineered, amphiphilic, elastin-like polypeptides that contain
a relatively large hydrophobic block and a hydrophilic terminus that can be
cross-linked through metal ion coordination. To create the hydrogels, heat is

that are finding their way into a variety
of applications in medicine and biotech-
nology,ll from pharmaceuticals,”! and
regenerative medicinel® to separations!
and biosensing.’! Hydrogels based on

engineered peptides and proteins, termed
biohydrogels, herein, are being studied
extensively because of their biocompat-
ibility and the ease with which biofunc-
tionality—typically incorporated as one or
more copies of a fused bioactive protein or
peptide—can be encoded into these sys-
tems at the genetic level.'*¢l The majority
of efforts to engineer biohydrogels have
focused on creating covalently cross-linked
networks because of their mechanical sta-
bility.”] Covalently cross-linked biohydro-
gels, however, are not always ideal because
of i) their often complex synthesis, which in some cases results
in the formation of toxic by-products from the cross-linking
reaction, and ii) their inherently static and nonreversible cross-
links.[® This irreversibility can impede the remodeling of these
hydrogels in a biological environment, and in vivo can poten-
tially lead to cell death, induction of inflammatory responses,
and ultimately failure of implanted devices.l””)

As an alternative, efforts have focused on the synthesis of
biohydrogels based on noncovalent—electrostatic, hydrophobic,
ionic, coordination or hydrogen-bonded—cross-linking.”!
These intermolecular interactions are generally reversible, are
not typically associated with toxic by-products, and can result
in facile hydrogel formation, good biocompatibility, and the
potential for dynamic remodeling.'” However, most of the
noncovalently cross-linked biohydrogels reported to date are
mechanically weak,”!"l unstable, and can be permanently
damaged even when they are subjected to relatively low forces,
attributes which limit their use in many in vivo applications.
These limitations have been circumvented to a certain extent in
non-peptide-based hydrogels by the design of double-network
hydrogels,I'?l hydrogels made of polymers mixed with inorganic
nanoparticles,3l and use of self-assembling hierarchical struc-
tures, including micelles.[14-16]

firstly used to trigger the self-assembly of the polypeptides into monodisperse
micelles that display transition metal coordination motifs on their coronae,
and subsequently cross-link the micelles by adding zinc ions. These hydrogels
exhibit hierarchical structure, are stable over a large temperature range, and
exhibit tunable stiffness, self-healing, and fatigue resistance. Gels with poly-
peptide concentration of 10%, w/v, and higher show storage moduli of =1 MPa
from frequency sweep tests and exhibit self-healing within minutes. These
reversibly cross-linked, hierarchical hydrogels with enhanced mechanical prop-
erties have potential utility in a variety of biomedical applications.
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During the past decade, several groups have studied the use
of polymeric micelles as a means to introduce order and func-
tionality into hydrogels using a variety of materials and cross-
linking techniques.'>'>7I In early work, polymeric micelles
formed from synthetic block copolymers were immobilized
on surfaces to induce anti-fouling functionality to the surface.
Later, micellar particles were used as an additive to a polymeric
hydrogel without affecting the cross-linking mechanism, with
the aim of introducing drug loading capability to the gels.['®!
Micellar hydrogels!'®>'! are a class of reversibly cross-linked
materials that exhibit interesting rheological behavior in which
control over their viscoelastic response can be useful in rheo-
logical modification for coating applications.!">) Almost all of
these prior studies have used self-assembling synthetic poly-
mers as the building blocks of micellar gels and the mechan-
ical characteristics of these gels have thus far not been on par
with the mechanical properties of naturally derived hierarchi-
cally structured gel-like materials.['>?% Hartgerink et al.?! used
engineered polypeptides instead of synthetic polymers to make
cylindrical micelles that were then covalently cross-linked into a
biohydrogel scaffold to promote hydroxyapatite growth, but did
not show enhanced mechanical properties prior to mineraliza-
tion. Wright et al.??l studied morphological characteristics of
hydrogels made from hydrophobic interactions between geneti-
cally engineered amphiphilic elastin-like polypeptides (ELPs)
and revealed the filamentous microstructure of such gels but
did not investigate their mechanical properties.

We describe here a bioinspired, engineered polypeptide
that can be reversibly cross-linked into a micellar hydrogel—
a MiGel—with enhanced mechanical properties. It is inspired
by the following design elements found in biological mate-
rials: 1) macromolecular subunits that 2) self-organize at the
nanoscalel?®l 3) into a hierarchical organization that yields
a reversible network structure that gives rise to enhanced
mechanical properties.?>?4 Examples of such materials include
collagen,!®! actin microfilaments,??! and microtubules.?’] At
the lowest dimensional scale, the building block of the MiGel
is an environmentally responsive, diblock polypeptide that can
be thermally triggered to self-assemble into spherical micelles.
The diblock polypeptide is designed with a transition metal
binding peptide at the hydrophilic terminus of the polypep-
tide, such that a high density of metal coordination sites is pre-
sented on the coronae of the micelles. At the second level of
hierarchical structure, these micelles are reversibly cross-linked
through metal coordination bonds into a higher order struc-
ture—a macroscopic hydrogel. We chose metal coordination for
reversible cross-linking as it is exploited by Nature for noncova-
lent, reversible organization of biological structures,?®! such as
cross-linked byssal threads—strong, stiff structural fibers used
by mussels to attach to rocks and other substrata.?’]

To create these hierarchical materials, we first use heat to
trigger the self-assembly of recombinant polypeptides into
monodisperse micelles that display transition metal coordina-
tion motifs on their coronae. We show that a MiGel is rapidly
formed by the addition of Zn?' to a colloidal suspension of
the micelles. The hydrogel is stabilized by van der Waals and
hydrophobic interactions in the core of the micelles, and by
reversible metal coordination between micelles. In comparison
to previously reported noncovalently cross-linked hydrogels,
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such MiGels exhibit very high moduli and, once formed, can be
reversibly disassembled to their micellar components through
the addition of a strong metal ion chelator. Further, MiGels can
rapidly self-heal and their stiffness can be tuned by changing
the polypeptide concentration. This new bioinspired method
for creating robust, hierarchically ordered biomaterials can
be used to generate new platforms for a variety of biomedical
applications such as tissue engineering, drug delivery, wound
dressings, and biosensing.

2. Results and Discussion

2.1. Molecular Design of MiGels

The recombinant peptide system that we designed to assemble
into a hierarchical hydrogel has two components. The first ele-
ment is a diblock copolymer of an ELP. ELPs are a family of
stimulus-responsive peptide polymers consisting of repeats
of the VPGXG peptide motif, in which the identity of amino
acid, X, the molecular weight of the polymer,*" and its architec-
ture,BY determine the temperature- and salt-dependent hydro-
phobicity of the polypeptide. ELPs exhibit lower critical solution
temperature (LCST) transition behavior,*?l and the phase tran-
sition temperature of ELPs can be tuned by their composition
and chain lengthB% or by changing environmental conditions
such as ELP concentration and the type and concentration of
the salt in an ELP solution.?*3%] ELPs are excellent candidates
as building blocks for the design of hierarchical hydrogels
because i) they are genetically encodable, which allows enor-
mous control in their design, ii) they express at high yields
in bacterial hosts,’*" and iii) they can be purified easily by
exploiting their LCST phase behavior.**l The latter two features
enable gram-scale quantities to be easily obtained, which is crit-
ical for the fabrication of hydrogels. Chilkoti and co-workers!*!
have extensively investigated diblock ELPs that self-assemble
into micelles, providing a body of knowledge that can be used
in the design of polypeptides as building blocks for the fabrica-
tion of micellar hydrogels.

Diblock ELPs form micelles above a critical micelliza-
tion temperature that is controlled by the hydrophobic block
composition.?*¥ Here, we refer to these constructs as micelle-
forming (MF) ELPs, and in this study we formed a MF-ELP by
fusing a relatively hydrophobic block ((VPGVG)g) to a more
hydrophilic block ((VPGAGVPGGG)3,. An ELP that has a sim-
ilar composition and chain length as the MF-ELP, but where the
amino acids are not arranged in a diblock architecture (termed
the non-micelle-forming- (NMF-) ELP) was also synthesized
as a negative control for the effect of micellization on network
assembly. The NMF-ELP has the sequence (VPGAGVPGGG)q.

The second design element in the recombinant peptide used
to form hierarchical hydrogels is a transition metal-binding
peptide that is presented at the hydrophilic terminus of the
MF-ELP (Figure 1A) and the NMF-ELP (Figure S1, Supporting
Information). We chose a peptide with an amino acid sequence
(HEDGHWDGSEHGY) taken from the consensus zinc-binding
sequence found in the active sites of matrix metalloprotein-
ases.?¥1 Although many transition metal-binding peptides
are available, we specifically choose a peptide that binds Zn?*
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Figure 1. Thermally triggered assembly of MF-ELP into micelles and subsequent network formation. A) Amino acid sequence of the micelle-forming-
(MF-) ELP. B) Schematic of temperature-triggered micellization of the diblock ELPs, metal-directed assembly of the micelles into a metal coordination
stabilized network by addition of zinc ions, and disassembly of the network by the addition of EDTA. C) Hydrodynamic radius (R},) of the MF-ELP (100 x
107 M, 0.5%, w/v) as a function of solution temperature, measured by DLS. D) Optical density at 350 nm of a solution of MF-ELP (100 x 107° m at 40 °C)
indicating micelles (region 1), network formation by addition of Zn?* (region I1), and disassembly back into micelles upon addition of EDTA (region I11).

because, in contrast to Ni?" and Cu?*, Zn?" is significantly less
toxic, with a physiological concentration of 20 x 1076 MP% and a
maximum tolerated concentration of 200 x 107 m in systemic
circulation.”]

2.2. Formation and Characterization of Micelles in Suspension

2.2.1. Micelle Assembly and On-demand Network Formation/
Dissolution

A schema that depicts micelle formation, network formation
from micelles upon addition of Zn?*, and network disaggrega-
tion back into micelles upon chelation of the Zn?* ions is shown
in Figure 1B. We first characterized the MF-ELP and NMF-ELP
in a dilute aqueous solution (100 x 107° m, 0.5%, w/v) and in the
presence of Zn?*. Below the micellization temperature (Tiicelie),
the MF-ELP is not sufficiently amphiphilic to undergo self-
assembly. Above its Tcpe the preferential desolvation of the
more hydrophobic block relative to the more hydrophilic block
imparts sufficient amphiphilicity to drive self-assembly of the
ME-ELP into micelles. The temperature-triggered assembly
of the MF-ELP into micelles was confirmed by dynamic light
scattering (DLS) (Figure 1C). The hydrodynamic radius (Ry)
of the MF-ELP below its T of =41 °C is =5 nm, which is
consistent with other reports for random coil polypeptides.*"!

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Above the T, of the MF-ELP, the R, of the MF-ELP increases
to =25-30 nm, which is also consistent with previous reports
of micelles consisting of ELP diblock copolymers.3540¢41]
In contrast, the NMF-ELP forms large particles (>1 pm)
as the temperature is raised above =40 °C (Figure S2,
Supporting Information).

Addition of Zn?" ions results in the cross-linking of the
micelles formed from 100 x 10°® m (0.5%, w/v) MF-ELP into
large gel particles. Solutions containing these aggregates have a
significantly higher optical density than solutions of non-aggre-
gated micellar particles (Figure 1D). Micelle aggregation can
be reversed by adding a chelating agent such as ethylenediami-
netetraacetic acid (EDTA) due to its high affinity for zinc ions.
Addition of EDTA to a solution of aggregated micelles at tem-
peratures above the micellization temperature results in a rapid
drop in the solution optical density to its pre-aggregation level,
which suggests disaggregation to the original discrete micellar
state (Figure 1D).

2.2.2. Characterization of Micelles by Light Scattering
To further investigate the size, shape, and aggregation number
of the micelles formed from the MF-ELP, we examined the

self-assembled nanostructures formed from MF-ELP by DLS
and static light scattering (SLS) at different angles at a solution

Adv. Funct. Mater. 2015, 25, 3122-3130
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Table'l Hydrodynamic radius (Ry, from DLS) and molecular weight (M,,), radius of gyration
) and micelle aggregation number (from SLS) of micelles formed from MF-ELP for three
dltgferent concentrations at 42 °C.

formation of micelles (Figure S5, Supporting
Information).

For solutions of NMF-ELP on the other
hand, the optical density profile as a func-

dadvd T1TInd

Concentration 2 30 100 tion of temperature did not change appreci-
il ably in the presence of monovalent (Na*) of
Ry [nm] 22 (£3.3%) 24 (3.4%) 24 (#1.5%) divalent (Zn?") metal ions (Figure S2A, Sup-
Ry [nm] 16 (23.6%) 19 (+4.4%) 18 (+6.3%) porting Information). DLS of the NMF-ELP
M, [g mol™] 1.325% 106 (£1.0%)  2.794x 105 (+1.0%) 3.021 % 10° (£0.6%) also showed that the presence of Zn?* ions

had little impact on the size of the aggregates

Aggregation number 15 23 25 .
as a function of temperature compared to

temperature above the T, .- At three different concentrations
(25 % 1076, 50 x 1075, and 100 x 107 v, i.e., 0.125%, 0.25%, and
0.5%, w/v), the MF-ELP forms micelles with a Ry, of =23 nm as
measured by DLS at angles ranging from 30° to 150° (Figure S3,
Supporting Information, Table 1). The relatively constant size of
the micelles measured at different angles suggests that they are
spherical.*?l We also conducted SLS measurements to measure
the radius of gyration (R,) and molecular weight (M) of the
micelles formed at the three different concentrations (Figure S4,
Supporting Information, Table 1). The radii of gyration of the
micelles measured at these concentrations range from 15 to
22 nm (Table 1), which is slightly smaller than Ry, as expected
for spherical particles.*>**] The ratio of Ry to Ry, for different
concentrations ranges from 0.72 to 0.79, which also suggests
the existence of “hard spheres” in solution.*?l As the MF-ELP
is monodisperse with a molecular weight of 48.6 kDa, we can
estimate the average number of the polypeptide chains in each
micelle (i.e., the aggregation number). The aggregation number
is corrected for the amount of water trapped in the micelles
by considering the water content of each micelle to be similar
to that in ELP coacervates, which has been determined to be
roughly 60% of the coacervate volume.? Using this assump-
tion, we estimate the number of chains in each micelle to be
~20, which also corresponds to the number of cross-linking
motifs displayed on the corona of a single micelle.

2.3. Formation of MiGels

We made hydrogels containing 5%, 10%, and 15% w/v MF-ELP
by adding zinc sulfate to a polypeptide solution to result in a
7.5 to 1 molar ratio of Zn?* ions to peptide-binding sites. The
temperature of the polypeptide solutions was kept at 45 °C
(above the micellization temperature of the MF-ELP, but below
the transition temperature for bulk aggregation) to ensure
micelle formation before cross-linking. Addition of zinc sulfate
to the solution of the MF-ELP resulted in rapid formation of a
gel (Figure 2A). The hydrogels were kept at the same tempera-
ture for several hours to allow complete cross-linking and were
subsequently centrifuged briefly to remove air bubbles before
characterization. After cross-linking, the hydrogels were stable
at room temperature, which is below the T of =41 °C.

Figure 2. Formation of a hydrogel (MiGel) from MF-ELP and characteri-

This stability likely results from a decrease in the T e in
the presence of zinc sulfate so that the micelles are stable at
room temperature.’*® To test this hypothesis, we added zinc
sulfate (or sodium sulfate) to MF-ELP at room temperature
and observed an increase in optical density characteristic of the

Adv. Funct. Mater. 2015, 25,3122-3130
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zation of its microstructure by electron microscopy. A) Images of MF-ELP
(10%, w/v) in micellar suspension before cross-linking (left) and after
cross-linking by addition of zinc sulfate (20 x 107 m) to form a hydrogel
(right). B) Cryo-TEM of incipient network (1% w/v MF solution frozen
10 s after addition of zinc sulfate (2 x 107 m). C) SEM of a freeze-dried
mature MiGel (10% w/v MF-ELP, 20 x 1073 m zinc sulfate).
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the same ELP in water (Figure S2B, Supporting Information).
Further, addition of zinc sulfate to solutions of NME-ELP above
its transition temperature (=40 °C) results in the formation of
a typical ELP coacervate that does not show gel-like properties
(Figure S8, Supporting Information). This indicates that the
presence of ELP micelles is necessary for the formation of a
percolated cross-linked network.

2.4. Characterization of MiGels
2.4.1. Electron Microscopy

We examined the microstructure of the hydrogels by cryogenic
transmission electron microscopy (cryo-TEM) and scanning
electron microscopy (SEM). Using cryo-TEM, we captured the
initial stage of the gel formation process (10 s after addition of
ZnS0O,) in a dilute (1%, w/v polypeptide) solution (Figure 2B).
Cryo-TEM samples were more dilute than those typically used
to form the MiGels (=5 wt%) to enable visualization of the
incipient network before crowding of the micelles; the molar
ratio of cross-linker (Zn?*) to MF-ELP was kept the same as
that used to form MiGels at the higher concentrations. During
the early stages of network formation, cryo-TEM micrographs
reveal individual micelle-like particles (i.e., of size comparable
to that measured by light scattering) that are interconnected
in a web-like network. This is in clear contrast with cryo-TEM
micrographs of NMF-ELPs at a similar stage after addition of
zinc ions, for which no such network is evident (Figure S6,
Supporting Information).

SEM of freeze-dried 10% w/v MiGels after maturation of
the cross-linked network (12 h after addition of ZnSO,) shows
a porous internal structure with a pore size less than 10 pm
(Figure 2C). This is in clear contrast with the SEM images of
the corresponding NMF-ELP structures (Figure S6, Supporting
Information), which did not show a similar porous structure,
suggesting that the cross-linking of micelles is related to the
development of macroporosity.

Together, cryo-TEM and SEM analyses demonstrate a funda-
mental difference in microstructure of the hydrated MF-ELP-
and NMF-ELP-based materials. Although we are still inves-
tigating the mechanism of gel formation, we believe that the
formation of relatively large pores observed in the MF-ELP
hydrogels is a result of the cross-linking of intact micellar struc-
tures. In contrast, the NMF-ELP lacks the ability to form a well-
defined hybrid network that includes both i) cross-links formed
by hydrophobic and van der Waals interactions and ii) cross-
links formed by the coordination of Zn?*, and thus do not yield
a hydrogel, but form a highly entangled coacervate above their
transition temperature.

2.4.2. X-Ray Scattering

Figure 3 shows the small angle X-ray scattering (SAXS) pro-
files for three different MiGels formed at different concentra-
tions of MF-ELP. The scattering intensity I(g) is presented as a
function of wave vector q = (47m/A)sin6, where A = 0.15418 nm
and 20 is the scattering angle. At ¢ > 0.5 nm™' the SAXS

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. SAXS intensity profiles for MiGels formed at three different con-
centrations of MF-ELP. Squares: 5% w/v MiGel, circles: 10% w/v MiGel,
triangles: 15% w/v MiGel; the data are offset for clarity of presentation.
The solid black line represents the fit to 5% w/v MiGel SAXS profile at g
> 0.3 nm™' using the form factor of spherical shells and Gaussian chains
(Ishell-gauss)- The dashed line is a reference to indicate the shift in the inter-
particle correlation peak for three gel concentrations (also shown as the
inset).

profiles show I(g)eq” dependency of scattering intensity,
which is characteristic of polymer Gaussian chains. Modeling
of the X-ray scattering data for the 5% w/v MiGel was carried
out as described in the Supporting Information (see Table S1,
Supporting Information, for fitting parameters), which also
includes a brief discussion of scattering theory. In Figure 3, the
discrete points are the experimental SAXS data and the solid
line is the fit to the curve using a spherical core-shell model,
as described in the Supporting Information. Scattering in the
high g region, i.e., ¢ > 0.2 nm™}, reflects the signature of the
size and shape of the self-assembled micelles in the hydrogel
and is well represented by the core-shell form factor (for
details see Supporting Information). The position of the form
factor primary maxima (q = 0.3 nm™') does not change appreci-
ably upon increasing the concentration of MF-ELP from 5%
w/v to 15% w/v (Figure 3), indicating that the local geometry
and structure of micelles in the hydrogels remain unaltered
upon change in concentration. Core micelle radii of =15 nm
were obtained for all MiGels examined, and are in reasonable
agreement with the results of light scattering. No form-factor
oscillation was observed for samples of NMF-ELP (Figure S7,
Supporting Information).

The core-shell form factor model did not reproduce the
maxima at g = 0.18 nm™! observed for the MiGels (Figure 3).
We believe that this peak corresponds to the spatial correla-
tions between the micelles in the hydrogel phase. Direct fit-
ting of this pseudo-order (or structure factor) peak is nontrivial.
However, the correlation distance “D” between the micelles
can be extracted from the location of peak maxima “g.” using
the relation: D = 27/q.[*¥ Table 2 summarizes the correlation
distances between the micelles obtained for the three different
polymer concentrations. The peak shifts to higher g values with
increasing concentration (Figure 3 inset), corresponding to a
decrease in the correlation distance for the micelles from 35 to

Adv. Funct. Mater. 2015, 25, 3122-3130
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Table 2. Correlation distance (D) between the micelles in MiGels, as
extracted from the X-ray scattering correlation peak, g.. The distance
ratio “rp» and concentration ratio “r,” are given with respect to the 5%
w/v MiGel.

Concentration (c) of qc D rp=D/Ds  r.=c"[cs'?
polypeptide in MiGel [% w/v] [nm™] [nm]

5 0.18 349 1.0 1.0

10 0.20 31.4 1.1 1.2

15 0.26 24.1 1.4 1.4

24 nm. For the studied gel concentrations, we find that the dis-
tance scales as D o< conc'’ (Table 1).

The scattering curve for a 5% w/v MiGel shows a steep increase
in the scattering intensity at low ¢. This increase can be attributed
to the interlinking of the micelles into larger structures.! How-
ever, this increase in intensity becomes less pronounced with
increasing polymer concentration. It was not possible using X-ray
scattering alone to determine the exact origin of this behavior.
However, we speculate that two effects contribute to this decrease
in scattering intensity at higher concentrations of MF-ELP. First,
increasing concentration may lead to cross-linking of the micelles
into denser networks and hence the scattering interface may
become more diffuse. Second, the increase in polypeptide and
Zn?* concentrations might change the effective scattering length
density of the interlinked Gaussian chains and the surrounding
aqueous media. Similar effects have been observed by contrast
variation in small angle neutron scattering experiments (SANS)
for block copolymer micelles.*”] Further X-ray and neutron scat-
tering studies would be necessary to confirm these effects, and
are beyond the scope of this study. In summary, microstructural
characterization with SAXS provides further evidence that hydro-
gels formed from MF-ELP comprise networks of intact, randomly
packed micelles with spherical cores. This observation is in
accordance with the theory of random packing of spheres, where
the mean interparticle pair distance scales similarly.*®!

2.5. Mechanical Properties of MiGels

2.5.1. Rheological Studies

We studied the rheological behavior of MiGels at different con-
centrations of the MF-ELP (Figure 4A, S8, Supporting Informa-
tion) and at room temperature (25 °C), which is above Tcere
at the concentrations of ZnSO, used (see Figure S5, Supporting
Information) and hypothesized that forming networks with dif-
ferent cross-link densities would lead to the ability to tune the
mechanical properties of MiGels. For MiGels formed from
MEF-ELP concentrations >5% (i.e., 10%, 15%, and 20% w/v), the
storage and loss moduli are relatively independent of the angular
frequency in a range from 0.1 to 100 s~ (see Figure 4A for data for
10%, w/v). These hydrogels are viscoelastic materials exhibiting
storage moduli that are one order of magnitude higher than the
corresponding loss moduli. The storage moduli for the MiGels
made from 10%, 15%, and 20% w/v MF-ELP are all =1 MPa,
which is considerably higher than reported storage moduli of
other noncovalently cross-linked hydrogels with similar polymer

Adv. Funct. Mater. 2015, 25,3122-3130
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Figure 4. Mechanical characterization of MiGels. A) Storage and loss
modulus for MiGels at 25 °C for two polymer concentrations (10% w/v,
5% w/v). Each point on the plot is an average value of three independent
measurements and error bars are calculated standard deviations of the
three measurements. B) Cyclic compression and expansion tests for
MiGels (10% w/v) at 25 °C from 0% to 55% (solid line) and then imme-
diately from 25% to 75% compressive strain (dashed line).

concentrations, including micellar hydrogels.”"1>#7] The storage
modulus for 5%, w/v hydrogels is about an order of magnitude
less than that of the 10%-20% w/v hydrogels. This indicates that
tuning the moduli of the MiGels is possible by changing the
MF-ELP concentration below 10% w/v.

The relatively high moduli of the MiGels may be due to a
combination of structural factors, each of which individually has
been shown to be effective in enhancing mechanical properties
of micellar hydrogels. The hierarchical microstructure of the
hydrogel may provide for especially efficient cross-linking.®!
The concentration of active stress-bearing sub-chains, derived
from the kinetic theory of rubber elasticity, however, is greater
than the concentration of peptide strands. In other words, an
untangled polymer network of unit efficient cross-linking per se
would not result in such a high modulus.*! The hydrophobic
cores of the micelles are aggregates of large hydrophobic
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polypeptide chains within a minimal solu- A
tion fraction, and it is possible that these i
aggregates can essentially function as highly
entangled nodes throughout the gel. These
micellar cores might function as especially
stiff components that contribute consid-
erably to the high modulus of the gels.*’!
It is further notable that the MiGels are
highly porous (Figure 2C), with pore sizes
much larger than the hydrodynamic radii
of the micelles. Also, fibrillar structures
made from individual micelles are evident
from cryo-TEM images of the incipient
MiGel network (Figure 2B). This suggests
that these gels are not comprised merely
of agglomerations of micelles, but rather of
filamentous structures of tightly connected
micelles that form a network superstruc-
ture. Such a filamentous structure has been
observed for ELP micelles before.l??! It has
also been shown that hydrogels made of
micelle-based filaments can show enhanced mechanical prop-
erties depending on their core size.’" Efficient and perhaps
synergistic combination of hydrophobic interactions and coor-
dination chemistry, both of which have been shown to be effec-
tive in enhancing the mechanical characteristics of hydrogels,
is likely key to imbuing the MiGels with mechanical robustness
despite the lack of covalent cross-linking.'+15>1]

In contrast, addition of zinc sulfate to NMF-ELP results in
formation of materials with characteristics of a fluid with low
moduli (Figure S9, Supporting Inforamtion). This is likely due
to the fact that, in contrast to the MF-ELP, which can form net-
work associations (i.e., cross-links) by both ion coordination
and formation of micellar cores, the NMF-ELP only has one
cross-linkable group and thus does not form a gel network.

2.5.2. Compression Tests

The MiGels did not show much stretchability (data not shown). We
conducted unconfined compression tests on MiGels formed from
a 10% w/v solution of the MF-ELP. The gels were cast into disks,
and each disk was compressed to prescribed strains and then
unloaded for two cycles. The gels undergo significant deformation
during the compression tests (Figure 4B). Upon unloading, large
hysteresis loops can be observed in the stress versus strain curves
of the gels, which indicates significant energy dissipation due to
the breaking and subsequent at least partial reformation of revers-
ible cross-links. From the initial slope of the stress—strain curve,
we can calculate the maximum compressive moduli of the MiGels,
which is as high as =0.8-1.0 MPa. This compressive modulus is
much higher than that of the NMF-ELP control (Figure S10, Sup-
porting Information) and other biopolymer-based hydrogels.['!51"]

2.5.3. Self-Healing Properties

The reversibility of the cross-links that form the MiGel net-
works can enable spontaneous healing of the network after it
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Figure 5. Self-healing of a MiGel. A-i) Picture of a virgin MiGel (10% w/v), A-ii) the MiGel after
it has been severed into two pieces, and A-iii) the repaired MiGel about 1 min after the two
pieces are put back together. B) Compressive stress response of the virgin (solid) and healed
(dashed) MiGel (10% w/v).

has been disrupted. As shown in Figure 5A, the MiGels are able
to self-adhere after they have been severed into two separate
fragments. Inter- or intramicellar bonds are quickly (=1 min)
re-established when the surface of the two fragments is brought
into close contact with one another. The reformed network
exhibits similar mechanical properties as the native MiGel
before disruption (Figure 5B). This MiGel self-healing process
has a time scale on the order of few minutes. Such healing time
is faster than many other self-healing hydrogels’? and thus
may enable rapid MiGel self-repair in applications involving
fast mechanical disturbances.

3. Conclusion

We have designed a new type of hierarchical, reversibly cross-
linked hydrogel that consists of ELP micelles that display a
high density of a metal coordination peptide motif on their
corona. Upon addition of Zn?*, these micelles cross-link into
stiff hydrogels with high porosity. The network is formed and
held together through the cross-linking of the micelles’ coronae
via metal coordination bonds and by van der Waals and hydro-
phobic interactions in the cores of the micelles. The gels have
higher storage modulus and compressive modulus compared
to other similar biobased, noncovalently cross-linked hydrogels.
These gels dissipate energy readily under compressive loading
and they exhibit self-healing after network disruption due to
the reversible nature of the cross-links comprising the network.
These new “MiGels” have potential for use in a wide range of
applications, including those in which biocompatibility, biosta-
bility, and high mechanical strength are needed in a single gel.

4. Experimental Section

Materials:  The pET24+ expression vector was purchased
from Novagen (Madison, WI). Restriction enzymes, ligation and
dephosphorylation enzymes were purchased from New England Biolabs
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(Ipswich, MA). BL21 Escherichia coli cells were purchased from Bioline
(Taunton, MA). All salts were purchased from Alfa Aesar (Ward Hill,
MA). E. coli cell cultures were grown in TB media purchased from MO
BIO laboratories Inc. (Carlsbad, CA). DNA extraction kits, DNA gel
purification kits and PCR purification kits were purchased from Qiagen
Inc. (Germantown, MD). Lacey carbon TEM grids (300 mesh, copper
with grid hole size of approximately 63 pm) were purchased from Ted
Pella Inc.

ELP Gene Synthesis: ELP genes were constructed using the recursive
directional ligation by plasmid reconstruction method (PRe-RDL),
as described previously.”®l The genes for the MF-ELP, and NMF-ELP
without the C-terminal Zn?* binding peptide were available from a
previous study.?>?l We modified these genes to append a C-terminal
trailer that encodes for the Zn?* peptide as described elsewhere.’* In
brief, we singly digested a modified pET24+ expression vector by BseRI
restriction enzyme and ligated an annealed oligonucleotide coding for
the metal-binding domain. We then digested this plasmid with BseRI
and Bgll restriction enzyme to produce a trailer “B cut”; we also digested
the plasmid containing MF-ELP and NMF-ELP genes by Acul and Bgll
restriction enzyme to produce a leader “A cut” sequence. We then ligated
the leader and trailer sequence to produce the MF-ELP and NMF-ELP
sequences containing metal-binding domain at their C-terminal. The
final sequence of the MF and NMF-ELPs, which were confirmed by DNA
sequencing, are: MF: M(VPGVG)4(VPGAGVPGGG);,HEDGHWDGS
EHGY; NMF: M(VPGVGVPGAG)¢, HEDGHWDGSEHGY.

Gene Expression and ELP Purification: The ELP genes were transformed
into chemically competent E. coli BL21 cells and incubated overnight. We
used a single E. coli colony to inoculate a starter culture of sterilized TB
media that was supplemented with kanamycin and then incubated the
culture overnight at 37 °C and 220 rpm. The starter culture was used
to inoculate sterilized TB media in 4 L flasks, each containing 1 L of
media supplemented with 45 pg mL™" of kanamycin. The media were
incubated at 37 °C and 220 rpm for 6 to 8 h before inducing with 0.1 x
1073 m IPTG. The cultures were then shaken for another 12 to 14 h at
37 °C before harvesting and centrifuging at 4 °C and 4000 rpm for 15 to
20 min. We purified the ELPs from the harvested cells by first lysing the
cells by sonication for 3 min at pulses of 10 s on and 30 s off to prevent
the solution from over heating and purified the ELPs from the soluble
fraction of the cell lysate by inverse transition cycling (ITC), which has
been described elsewhere in detail >

ELP Characterization: The purity and molecular weight of the purified
proteins were characterized by 10%-20% gradient Tris-Glycerol SDS-
PAGE (Thermo Scientific, CA). The concentration of the ELP solution
was determined by weighing the ELP after it had been lyophilized.
We studied the thermal behavior and transition temperature of the
constructs with or without metal ions and chelating agents using UV-vis
spectroscopy (Cary 300, Agilent Technology) prior to hydrogel formation.

Hydrogel Formation: We made hydrogels from various concentrations
of the MF-ELP by heating the sample to 45 °C, which is above Ticelie
but below the bulk aggregation temperature (cloud point temperature)
of the ELP. We then added a solution of ZnSO,, to make 7.5 to 1 molar
ratio of Zn?* to peptide-binding sites, to the heated samples and kept
the solution at 45 °C for several hours to let the gels slowly settle to
the bottom of the microcentrifuge tube. The solution was then gently
centrifuged at 200 rpm for 30 s to remove any entrapped air bubbles. For
NMF-ELP, we heated the solution slowly to temperatures close to the
ELP transition temperature and then added ZnSO, to the solution and
continued heating above the transition temperature. The remainder of
the process was the same as for the MF-ELP.

Microstructural ~ Characterization: ~ Microstructures of hydrogels
made from MF-ELP and NMF-ELP were evaluated by SEM, cryo-TEM,
and X-ray scattering. SEM was performed using a FEI XL30 SEM-FEG
instrument with a beam density between 10 and 15 kV. We prepared
the samples by freeze-drying the hydrogels for 48 h and crushing them
into small pieces to expose the internal surface of the hydrogel. The gel
pieces were then sputter coated with gold and fixed on the SEM stage.
Cryo-TEM imaging was performed on a FEI Tecnai G? Twin instrument
and Gatan 626 cryogenic holder. The samples were vitrified using a FEI
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Mark 111 Vitrobot above 45 °C and 100% humidity. The cross-linker and
polypeptide solution were sequentially and rapidly added to the grid, the
solution was blotted for 5 s, plunged into liquid ethane, and transferred
to the TEM instrument under liquid nitrogen. X-ray scattering data were
collected using a SAXSLab instrument (Ganesha model) with a point-
collimated pinhole system and 2D configurable detector equipped
with a Cu Ko X-ray source (wavelength, A = 0.15418 nm) operating at
50 kV. We used 40 pL of the gels confined between two Kapton films
with thickness of about 1 mm. The measurements were made at source-
to-detector distances of 1080, 480, and 180 mm at three different
angles covering the wave vector range 0.1 < g < 10 nm™. The 2D
scattered intensity was monitored using a CCD detector and the 2D
data were radially averaged using SAXSGUI software. Further analysis
and data fitting were performed using SASfit software package. Each
measurement was repeated at least three times. Hydrodynamic radius
was collected at different temperatures using a temperature-controlled
DLS instrument (DynaPro, Wyatt Technologies). A 90° detector
measured intensity fluctuations from below to above the micellization
temperature by increasing the temperature in increments of 2 °C. Ry, Ry,
and My of the MF-ELP and NMF-ELP constructs were calculated using
SLS data at different angles that were obtained from an ALV/LSE-5004
SLS instrument equipped with a CGS3 compact goniometer system. We
performed measurements on solutions of the ELPs at three different
concentrations (25 x 107, 50 x 1075, and 100 x 107 m) at a temperature
above the Tcele of the MF-ELP (=41 °C).

Characterization of the Mechanical Properties of Hydrogels: The
mechanical and rheological properties of the hydrogels were studied
using an Anton Paar rheometer with temperature control and a humidity
chamber. The gels were loaded on 8 mm standard steel parallel plates
or 25 mm diameter cone-plates and frequency sweep experiments
were done from 0.1 to 100 Hz with a 1% strain limit. Compression
and release were studied of the MF gels on a micro-structure Analyzer
(TA instrument). The gels were loaded on 8 mm standard steel parallel
plates. The strain was changed with constant rate of 0.05 mm s™' in
positive and negative directions for compression and release tests.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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