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Reinforcement of Shear Thinning Protein Hydrogels by
Responsive Block Copolymer Self-Assembly

Matthew J. Glassman, Jacqueline Chan, and Bradley D. Olsen*

Shear thinning hydrogels are promising materials that exhibit rapid self-
healing following the cessation of shear, making them attractive for applica-
tions including injectable biomaterials. Here, self-assembly is demonstrated
as a strategy to introduce a reinforcing network within shear thinning
artificially engineered protein gels, enabling a responsive transition from

an injectable state at low temperatures with a low yield stress to a stiffened
state at physiological temperatures with resistance to shear thinning, higher
toughness, and reduced erosion rates and creep compliance. Protein-polymer
triblock copolymers capable of the responsive self-assembly of two orthog-
onal networks are synthesized. Midblock association forms a shear-thinning
network, while endblock aggregation at elevated temperatures introduces

a second, independent physical network into the protein hydrogel. These
reversible crosslinks introduce extremely long relaxation times and lead to a

linear and nonlinear mechanical proper-
ties. Such physically crosslinked gels are
well-suited to help address a variety of
materials challenges, such as the delivery
of therapeutics and cells in biomaterials
that have strict demands on mechanical
performance, chemical composition, and
biological functionality. For example, in
the design of bioactive scaffolds it can
be necessary to incorporate specific deg-
radation sites, cell adhesion ligands, and
morphogenic regulators for treatment
efficacy, while simultaneously providing
robust control of mechanical behavior for
the desired gel lifetime at the implant site.
Physically associating systems, which can

1182  wileyonlinelibrary.com

five-fold increase in the elastic modulus, significantly larger than is expected
from transient network theory. Thermoresponsive reinforcement reduces
the high temperature creep compliance by over four orders of magnitude,
decreases the erosion rate by at least a factor of five, and increases the yield
stress by up to a factor of seven. Combined with the demonstrated potential
of shear thinning artificial protein hydrogels for various uses, this reinforce-
ment mechanism broadens the range of applications that can be addressed

with shear-thinning physical gels.

1. Introduction

Associative polymers have attracted significant interest for
the development of improved rheological modifiers,!! stimuli-
responsive actuators in soft machines,? and hydrogels for sus-
tained drug delivery and regenerative medicine.l’! The growing
demand for advanced soft materials has given rise to a broad
range of physically associating polymer architectures capable
of combining a desired chemical functionality with tunable
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exhibit reversible gelation,’! controlled
erosion,® and self-healing behavior,”] have
demonstrated the potential to address
these complex demands.

One particularly promising application
of associative polymers is the development
of injectable hydrogels for the minimally-
invasive implantation of cells, drugs, and
scaffolds.®1 Materials that can easily
flow and rapidly set into solid implants
after injection can be molded into arbi-
trary shapes to match a tissue defect and
are useful for the retention of homogeneously distributed cel-
lular™ and molecular™ cargo at the target site. Shear thinning
hydrogels are a class of associative polymers that has demon-
strated a number of advantages as injectable biomaterials.®!
These physically-crosslinked gels can be prepared as stable for-
mulations in advance, then shear thin and subsequently recover
within seconds after injection. An additional feature of certain
shear thinning gels is their cyto-protective behavior during
the injection process.'%12l This behavior has been attributed
to shear banding and plug-flow velocity profiles that limit dis-
ruption of the cell membrane during the extensional and shear
flows experienced during injection.l'l The mechanical proper-
ties of shear thinning associative polymer systems makes them
well suited to meet the demanding processing constraints for
advanced soft materials.

The use of artificially engineered proteins as injectable asso-
ciative polymers provides a route for addressing several impor-
tant challenges in producing biomedically-relevant injectable
gels. Biological synthesis of sequence-specific polymers allows
for a high level of structural precision,'l enabling simulta-
neous control over the hydrogel's mechanical properties,*’!
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erosion rate,'®! and biological functionality.'”! As one example,
shear thinning injectable gels prepared from telechelic artificial
proteins containing coiled-coil associating domains exhibit cyto-
protective shear-banding behavior and recover after injection in
seconds or less.['Z These proteins act as model associative poly-
mers, where perfectly monodisperse macromolecules interact
through the formation of well-defined helical bundles with
controlled association number and chain orientation. Through
genetic engineering, protein hydrogels can also be easily pro-
grammed to incorporate biofunctional signals including cell
adhesion ligands!'® and enzymatic degradation sites!*”! to pro-
vide control over how the gel interacts with the tissue environ-
ment at the implant site.

Although promising as highly tunable and bioactive inject-
able scaffolds, many injectable protein hydrogels and shear-
thinning gels generally are limited by their high creep and
low toughness. The inability to prevent shear thinning post-
injection restricts the use of these materials to applications
where the gel will not experience shear or bear significant loads
after implantation. To broaden the applicability of these mate-
rials, it is necessary to develop strategies for reinforcing these
gels while retaining their injectability, rapid recovery, biofunc-
tionality, controlled degradation, and cyto-protective behavior. In
particular, a responsive mechanism is required to toughen these
gels after the shear thinning behavior is no longer needed.

Significant improvement in the fracture toughness of hydro-
gels has been achieved through a variety of mechanisms that
effectively distribute stress and dissipate energy throughout the
gel to prevent or delay crack formation.?”! Hydrated composite
soft materials consisting of exfoliated clays??! or carbon nano-
tubes(??l have exhibited improved mechanical performance at
low to moderate filler weight fractions. Double network gels!2%:23]
are a widely-investigated category of materials in which energy is
dissipated by sacrificial cleavage of chains in a secondary highly
crosslinked network.?Yl This mechanism results in materials
that can tolerate compressive stresses up to 60 MPa at strains
of 95%. The double network paradigm has also been applied to
triblock copolymer gels, using ionic crosslinking of the polymer
midblock to form the highly crosslinked network.””! The use
of physical interactions in both networks makes energy dissipa-
tion reversible, enabling both toughness and fatigue resistance.

In this work, protein-based hydrogels have been developed
that utilize thermoresponsive block copolymer self-assembly
to form a second reinforcing network within a shear thinning
gel. Using this strategy, the hydrogel responsively transitions
from an injectable single network to a dual-network system with
improved mechanical performance. Triblock copolymers were
synthesized via conjugation of the thermoresponsive polymer
poly(N-isopropylacrylamide) (PNIPAM) to the N- and C- termini
of an artificially engineered protein with coiled-coil associating
domains that forms a shear thinning hydrogel (Figure 1). The
hydrophobically associating endblock polymers and the specific
interactions of the coiled-coil domains in the midblock act as
orthogonal interactions to drive the formation of two independent
networks from a single molecule. The structure and linear and
nonlinear mechanics of this responsive double physical network
are investigated, and endblock self-assembly is shown to lead to
a gel-gel transition from a soft, fragile gel at low temperature to a
reinforced, tougher gel at physiological temperatures.
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Figure 1. a) Schematic of responsive self-assembly of PNIPAM triblock
copolymer domains (green) within a physically associating protein gel
as a responsive mechanism to reinforce shear thinning gels. b) Molec-
ular design of a hybrid triblock copolymer to achieve the reinforcement
behavior. ¢) SDS-PAGE showing the purification of bioconjugation of
monofunctional PNIPAM to cysteine-flanked midblock proteins. Proteins
are shown before (lanes 1 and 3) and after (lanes 2 and 4) the conjugation
reaction. MALDI-TOF was used to determine absolute molecular weight
of proteins.

2. Results and Discussion

2.1. Thermoresponsive Self-Assembly

Reinforceable, shear thinning gels from triblock copolymers
were prepared by grafting PNIPAM chains near the N and C
termini of a gel-forming protein (Figure 1). Inspired by the
design of Shull and co-workers,?! in which a double network
hydrogel is formed by adding ionic crosslinks to the midblock
of a triblock copolymer gel, this strategy employs orthogonal
physical associations that lead to the formation of two net-
works in the same molecule. However, the use of an endblock
polymer with lower critical solution behavior in water and
self-associating protein domains that crosslink the midblock
leads to a hydrogel that can rapidly respond to environmental
or mechanical stimuli. Thermoresponsive self-assembly of
the synthetic polymer endblocks forms a larger length scale
network, while association of coiled-coil domains within the
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artificially engineered protein midblock forms a shorter length
scale network, as determined by the molecular weight between
crosslinks of the polymer chains. Difunctional associative pro-
teins were designed with one cysteine residue at either end of
the molecule, enabling site-specific conjugation of PNIPAM
blocks via thiol-maleimide coupling. The protein was engi-
neered as a repetitive fusion between homopentameric coiled-
coil self-associating domains (P)!'®?”] and solvated, random coil
linker domains (Cy),?® forming a molecule with the structure
C10(PCyg)4, hereafter abbreviated P,. The P domain was chosen
because the requirement that an odd number of helices come
together to form a bundle promotes interchain associations,
leading to gels with a greater number of elastically effective
chains.'®) PNIPAM is used because it has a lower critical solu-
tion temperature in water with a typical demixing tempera-
ture in the physiologically-relevant range at around 32 °C.[2930
Hybrid block copolymers were prepared from midblocks with
and without associating groups (Figure 1c) using proteins with
nearly matched molecular weights (Supporting Information,
Table S1), denoted PNIPAM-P,-PNIPAM and PNIPAM-Cgy-
PNIPAM, respectively.

Hydrated PNIPAM-P,-PNIPAM block copolymers form
transparent self-supporting gels at both 4 °C and when heated
to body temperature at a 30% (w/w) concentration, as exam-
ined qualitatively through inversion tests. The formation of a
viscoelastic solid at low temperatures indicates that the coiled-
coil domains in the midblock of PNIPAM-P-,-PNIPAM are still
associated even in the presence of synthetic polymer endblocks.
In contrast, PNIPAM-Cgy-PNIPAM fails the inversion test and
is a viscous liquid at low temperatures, gelling due to end-
block association only upon warming. Thermoresponsive self-
assembly of the synthetic polymer endblocks does not affect
the secondary structure or folding of the associating protein
midblocks, as illustrated by circular dichroism (CD) spectros-
copy (Figure 2). A solution of the unconjugated associative mid-
block (P4) gives a CD spectrum that is superimposable on that
of PNIPAM-P,-PNIPAM, indicating that the helical composi-
tion of the midblock is unchanged following conjugation (Sup-
porting Information, Figure S3). As expected, the CD spectrum
of PNIPAM-Cg,-PNIPAM is characteristic of primarily random
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coil behavior, indicated by the absence of strong features in the
205-230 nm region. No significant change in the molar ellip-
ticity is observed upon heating PNIPAM-P,-PNIPAM between
5 °C and 50 °C, indicating that the demixing and aggrega-
tion of the PNIPAM endblocks does not interfere with the
folding of the protein midblock or its ability to associate into
a second network independent of the endblock network. These
data also confirm that the coiled-coils in the midblock remain
folded through 50 °C, the maximum temperature examined
throughout this study.

Small-angle neutron scattering (SANS) can be used to study
structural transitions from the single-network state where only
the protein P domains associate, to the double-network state
where both the P domains and the PNIPAM endblocks associate
(Figure 3). SANS of 30% PNIPAM-P,-PNIPAM at 5 °C reveals a
single, low intensity scattering peak. Upon increasing the tem-
perature above 20 °C, an intense peak with a high q shoulder is
observed indicating the onset of block copolymer self-assembly.
The structural transition observed in SANS corresponds to
the desolvation of the PNIPAM endgroups, as identified by an
endothermic peak in differential scanning calorimetry (DSC;
Figure 4a). Further heating up to 35 °C results in a shift in the
primary scattering peak to lower g, indicating an increase in
the characteristic length scale of self-assembly consistent with
the increased strength of segregation at elevated temperatures.
In addition, sharpening of the high g shoulder with increasing
temperature suggests increasing correlations between PNIPAM
nanodomains within the gel. Nearly identical structural evolu-
tion is observed by SANS in 30% PNIPAM-Cg-PNIPAM as
compared to the double network PNIPAM-P,-PNIPAM gel
(Figure 3b), and SANS of 30% P, (Figure 3c) reveals no ther-
moresponsive structural features. These two observations indi-
cate that the responsive structural transition is due to block
copolymer microphase separation, and the ultimate nano-
structure is not qualitatively altered due to the presence of mid-
block associations. Depolarized light scattering®!) revealed that
PNIPAM-P,-PNIPAM and PNIPAM-Cg)-PNIPAM gels were
isotropic throughout the observed temperature range indicating
that self-assembly led to the formation of an isotropic phase of
spherical nanodomains, consistent with low endblock weight

fractions of approximately 8-10% in both gels
(Supporting Information, Figure S4).

e, RTTITRNTEIRIEEITTIER TR TR R I LT TR TR R TR TR e While the self-assembled structure that
5 E,’_. (@) 1Es (b) i forms is nearly identical in thermoresponsive
% . E* 1 Pe , % gels with and without midblock associations,

e ;') NN e 3 the neutron scattering patterns at low tem-
O 20F . EN X 4  perature show an important difference. The
o B iE & ~ J  presence of a defined peak in the 5 °C trace
=z k- E R A 5C 1 of PNIPAM-P,-PNIPAM, which is absent
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cate that exchange entropy promotes chain
collapse and phase separation.[3? Since micro-
phase separation of PNIPAM results in an
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Figure 2. Circular dichroism spectroscopy of a) PNIPAM-P,-PNIPAM and b) PNIPAM-Cgy-
PNIPAM at 10 um in sodium phosphate buffer (100 mwm, pH = 7.6).
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Figure 3. Small angle neutron scattering data for 30% (w/v) a) PNIPAM-P,-PNIPAM, b) PNIPAM-Cg-PNIPAM, and c) P, in deuterated phosphate

buffer (100 mwm, pH = 7.6). Data collected at different temperatures have been shifted vertically by a factor of 10 for clarity.

effective increase in the concentration of the protein associating
domains, endblock segregation should increase the exchange
entropy of the associative midblock. The observed weak segre-
gation in PNIPAM-P,-PNIPAM (at 5 °C) occurs below the DSC-
determined PNIPAM demixing temperature indicating that the
endblocks remain hydrated.

Structural evolution in the gels may be quantiatively inter-
rogated by fitting the 1D SANS patterns to a typical model for
the structure of triblock copolymer gels. These materials can
be modeled as a collection of disordered hard-spheres!**! with
a compact core formed from the PNIPAM endblock aggregates
and an expansive corona formed by the midblock protein. Neu-
tron scattering contrast originates from the difference between
the hydrogenated core/corona and the deuterated solvent, and
the collected data can be fit using the analytical expression from
the Percus-Yevick model®¥ (see Supporting Information):

I(q) = KS(g; Rus. 1) F (q:70, ) + C (1)

Here, the structure factor, S(q), contains parameters
describing the structure of close-packed micelles, with an inter-
micellar distance, D = 2Ry, and a packing fraction, 1. The
form factor, F(g), contains parameters describing the size of the
micellar core radius, r,, and the core size polydispersity param-
etet, 0. K accounts for the magnitude of the scattering contrast
in the system and the additive constant C accounts for the inco-
herent scattering background.

SANS patterns for the self-assembled gels were fit to
Equation 1 (Table 1; full set of fit parameters provided in Sup-
porting Information Table S2). The fits yield values for r,, Rys,
and n that are consistent with expectations based on the meas-
ured block volume fraction. From simple geometric arguments
(Figure 5a), the relationship between the fit and measured
parameters is given by:

7 ( o )3 -9 _ c( 2x Mpnipam >
—— ] = ¢pnipam =
Rys 2x Mpnipam + Mprotein

where @pnipam i the endblock volume frac-

(2)

T T T[T T T [ TT T T T T T T T T [T orT

vl b bt b o

tion, ¢ is the weight fraction of the hydrogel
(0.3), x is the mole fraction of cysteines
converted to PNIPAM endblocks, M-pyipam
is 19.2 kDa, and Mpoin is 63.3 kDa and
67.1 kDa for P, and Cg, midblocks, respec-
tively. At 50 °C, when the volume fraction of
water in the collapsed PNIPAM domains is
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Figure 4. Thermal transitions in hybrid protein block copolymer gels. a) Differential scanning
calorimetry data for hybrid block copolymers in sodium phosphate buffer (100 mwm, pH = 7.6)
at 30% (w/w) concentration (endotherm up). b) The plateau modulus of PNIPAM-P,-PNIPAM
(30% w/w) plotted as a function of temperature measured by linear oscillatory shear rheology

(1% strain, 100 rad s7', at a heating rate of 1 °C min™").
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— Heating expected to be small, the volume fraction cal-
"""" Cooling culated from the SANS fit is 0.074 and 0.12
for PNIPAM-P,-PNIPAM and PNIPAM-Cg,-

PNIPAM, respectively, in agreement with

30 40 50 the PNIPAM volume fractions of 0.080 and

0.094 calculated from the molecular weights
and conjugation efficiencies measured for
the protein-polymer conjugates. The packing
fraction, 7, is within the range expected for
tetrahedral and cubic-like packing densities,
0.34 and 0.52, respectively.3]
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Table 1. Structural parameters for SANS fits to the Percus-Yevick model.
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Temperature Rus n ro Op
°q [nm]? [nm]° [nm]¥
PNIPAM-Cgo-PNIPAM 20 18.03 £0.03 0.394 £ 0.002 8.2+0.6 28+04
35 22.28 +0.08 0.452 +0.005 13.0+1.0 4.0+0.8
50 22.87+0.11 0.424 £ 0.006 15.2£0.9 40+0.7
PNIPAM-P,-PNIPAM 20 18.68 £ 0.04 0.380 + 0.003 7.1+0.6 24104
35 22.02+0.08 0.360 + 0.005 12.0+0.8 3.0£06
50 22.73+0.10 0.327 £ 0.005 13.8+0.8 33+06

AHard sphere radius (half the intermicellar distance); ®Micellar packing fraction; 9Radius of the condensed PNIPAM core; 9 Polydispersity parameter.

(a)

(b)

Figure 5. Structural changes due to endblock self-assembly. a) Sche-
matic of nanostructure above the demixing temperature of the PNIPAM
endblocks (green chains), where Ry is the hard sphere radius due to
the packing of micelles, r, is the radius of the PNIPAM core, and D is
the center-to-center intermicellar distance. b) The theoretical number of
elastically effective chains (indicated by black arrowheads) changes from
three to five due to the formation of additional physical crosslinks due to
endblock association upon heating.
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The size of the nanostructures formed by PNIPAM-P,-
PNIPAM and PNIPAM-Cgy-PNIPAM are very similar, con-
firming that midblock associations do not significantly perturb
the self-assembled nanostructure. Both gels exhibit average
domain spacings (D = 2 Rys) of approximately 36-37 nm at
20 °C, which grow to 45-46 nm upon heating to 50 °C. The core
radii (r,) almost double over this same temperature range even
as the PNIPAM domains continue to exclude water, indicating
that the average aggregation number of each domain increases
with increasing temperature. The similarity in structure is note-
worthy given that in the PNIPAM-P,-PNIPAM gel, reorganiza-
tion of the midblock coiled-coil associations is required for end-
block aggregation and nanostructure growth.

As the temperature is raised from 20 °C to 50 °C, the aggre-
gation number per core increases and the corona thickness
decreases, suggesting that midblock chains become com-
pressed in the regions between adjacent, bridged micelles.
While increasing temperature leads to the growth of both the
hard sphere radius (Rys) and the core radius (r,), the approxi-
mate thickness of the corona (Hyona = Rus—t,) decreases from
11.6 to 8.9 nm and 9.8 to 7.7 nm for PNIPAM-P,-PNIPAM,
and PNIPAM-Cg,-PNIPAM, respectively. The root mean square
end-to-end distance,,/(R2),0f a single C;, domain is estimated to
be between 5.9 and 7.3 nm.['>) Assuming the charges along the
midblock are highly screened by the 100 mm phosphate buffer,
the Cgy midblock is expected to have a root mean square end-to-
end distance between 20.1 and 24.9 nm. The corona thicknesses
determined from the SANS fitted parameters at 20 °C (2Hyrona)
are consistent with these values, suggesting that the initial self-
assembled state does not perturb the Cg, midblock significantly
from its equilibrium chain size in solution. However, at 50 °C
the corona thickness is 20% smaller, suggesting compression
of the midblock chains between adjacent micelles.

2.2. Linear Mechanics

Linear oscillatory shear rheology of 30% PNIPAM-P,-PNIPAM
(100 rad s7!, 1% strain, 1 °C min!) demonstrates that the
thermoresponsive self-assembly of PNIPAM nanodomains
leads to a large, reversible stiffening effect (Figure 4b). The
thermoresponsive behavior is reproducible after at least three

Adv. Funct. Mater. 2013, 23, 1182-1193
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Figure 6. Frequency-dependent linear oscillatory shear rheology of the reinforceable gel, PNIPAM-P,-PNIPAM (a,b), as well as the two control hydro-
gels, PNIPAM-Cgy-PNIPAM (c,d), and P, (e,f). Data were collected on 30% (w/w) gels at 1% strain at the indicated temperatures. Storage moduli
(G’ (w)) are plotted in panels (a,c,e), while loss moduli (G”(w)) are plotted in panels (b,d,f). The storage modulus of PNIPAM-Cgy-PNIPAM at 5 °C is

off-scale and plotted in the inset in panel (c).

cycles of heating and cooling. The slight hysteresis observed
upon cooling the gel is typically observed in PNIPAM triblock
copolymers,3% and can be attributed to the slower dynamics
of PNIPAM remixing upon cooling compared to the demixing
upon heating.?’l The onset of stiffening occurs around 20 °C,
consistent with DSC and SANS, and increases until 35 °C. Fur-
ther heating to 50 °C results in a slight drop in the elastic mod-
ulus. The temperature dependence of the modulus was found
to be independent of heating rate over the range 0.5-2 °C min~},
implying that assembly dynamics are not significant over these
timescales (Supporting Information, Figure S6).

Frequency sweeps as a function of temperature (Figure 6)
demonstrate how the protein and the triblock copolymer net-
works interact to determine the mechanical properties of the
gels. At low temperature, the elastic (Figure 6a) and viscous
(Figure 6b) moduli of the PNIPAM-P,-PNIPAM gel exhibit fea-
tures characteristic of a physical hydrogel with a single relaxa-
tion time, including a high frequency plateau modulus in G’
and a low frequency terminal region. With increasing tem-
perature, three effects are observed: an increase in the high
frequency elastic modulus, a decrease in the fastest relaxation
time at intermediate frequencies, and the onset of non-terminal
behavior at low frequency as a second plateau forms. Further-
more, the behavior of the viscous modulus demonstrates a broad
increase in dissipation in the frequency range 0.1-100 rad s
as the temperature is increased. At high temperatures, no cross-
over point is observed at low frequency, indicating that the gel
retains solid-like behavior for longer experimental times than at
lower temperatures.

Adv. Funct. Mater. 2013, 23, 1182-1193
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The molecular origin of these changes in mechanical proper-
ties is illustrated by the temperature and frequency-dependent
response of the two single-network gels. PNIPAM-Cg-PNIPAM
behaves as a viscous liquid with G* < G” (Figure 6¢,d) at low
temperature and transitions upon heating to a viscoelastic gel
with a relaxation time longer than is observable in the experi-
ment, typical for related PNIPAM triblock copolymer gels.”!
Comparison to the rheology of PNIPAM-P,-PNIPAM indicates
that endblock self-assembly is responsible for both the low fre-
quency plateau and the increase in high frequency modulus
in the triblock materials. In contrast, the P, single network gel
exhibits the frequency response of a physical hydrogel with a
single relaxation mechanism at all temperatures (Figure 6e,f).
The frequency sweep at low temperature qualitatively matches
that of the PNIPAM-P,-PNIPAM gel under similar conditions.
The relaxation time decreases by more than two orders of mag-
nitude over a 45 °C span in temperature without a change in
the plateau modulus. The faster relaxation of the P, gel at ele-
vated temperatures accounts for the behavior of the PNIPAM-
P,-PNIPAM hydrogel at intermediate frequencies: the peak in
G” and first relaxation in G’ shifts to increasing frequency by a
nearly identical factor in the two gels over the same change in
temperature. The plateau modulus in the 30% P, gel (25.1
7.8 kPa) is larger than that of the 30% PNIPAM-P,-PNIPAM
gel at 5 °C (13.1 £ 0.5 kPa) because the weight fraction of mid-
block protein is different between the two. Controlling for the
SDS-PAGE estimated endblock conversion, 22% P, gels have
plateau moduli of 14.5 *+ 3.8 kPa (Supporting Information,
Figure S7).
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The frequency-dependent mechanics of the two single-net-
work hydrogels demonstrates that the self-assembled PNIPAM-
P,-PNIPAM gels preserve the relaxation behavior of the two
independent networks; however, self-assembly of the PNIPAM
network in the dual-network system leads to a five-fold increase
in the high frequency elastic modulus, from 13.1 + 0.5 kPa
to 65.4 £ 1.9 kPa. This large increase is unexpected based on
simple network theories. Assuming that the fraction of elasti-
cally effective chains does not change and that hydrogels are
prepared from pure triblocks, the maximum predicted increase
in modulus due to endblock assembly would be 5/3 (Figure 5b);
the presence of diblocks leads to a smaller expected thermore-
sponsive change. The fraction of elastically effective chains
(vefr) in either the unassembled or self-assembled state can be
calculated using transient network theory for ideal physically
crosslinked polymeric systems in the affine network limit:1*8l
Veg = G'o./nkT. where n is the number density of linking chains.
The total number of C;, linker domains that join two associ-
ating functionalities is calculated to be 3.0 and 4.2 per molecule
in the unassembled and the self-assembled states, respectively
(accounting for incomplete endblock coupling). Based on this,
Vvegr is found to increase from 0.54 + 0.02, consistent with prior
studies of similar protein hydrogels,!21% to 1.75 % 0.06.

The large increase in modulus demonstrates that the respon-
sively self-assembled PNIPAM network provides a greater rein-
forcement effect than can be expected in an ideal crosslinked
network. Indeed, the plateau modulus at 35 °C for PNIPAM-
Cgo-PNIPAM is 17.5 + 2.9 kPa, which sets the fraction of elasti-
cally effective chains at 2.24 + 0.38, indicating that the PNIPAM
network itself cannot be adequately described by transient
network theory. For concentrated solutions of micelle-forming
block copolymers, veg can be larger than unity when the mod-
ulus of the resulting gel is not simply related to the number
of bridging chains but has contributions from excluded volume
interactions between neighboring, close-packed micelles.[3%40)

Comparison of PNIPAM-Cg)-PNIPAM and PNIPAM-P,-
PNIPAM gels indicates that the formation of a micelle network
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cannot alone account for the increase in plateau modulus to
65.4 kPa; crosslinking of the micelle corona due to protein-pro-
tein associations in the midblock also makes significant contri-
butions to the elastic modulus. Theory suggests that entangle-
ments in the micelle corona provide additional contributions to
the shear modulus of micellar gels proportional to the number
density of these physical crosslinks.*) A comparison of the
plateau moduli for PNIPAM-Cg)-PNIPAM and PNIPAM-P,-
PNIPAM at 35 °C indicates that roughly a four-fold increase in
modulus can be attributed to the presence of midblock asso-
ciations (neglecting differences in endblock conversion, which
would lower the plateau modulus of PNIPAM-Cg)-PNIPAM
and increase this multiplicative factor). This result suggests
that nearly all of the midblock associations are contributing to
the elastic response of the PNIPAM-P,-PNIPAM gel above the
desolvation temperature, whereas only approximately half do so
at 5 °C based on the calculation of v.g, previously.

2.3. Mechanical Reinforcement and Suppression of Erosion

The temperature-dependent creep compliance of PNIPAM-
P,-PNIPAM, compared with the unreinforced P, gel, demon-
strates the ability of endblock associations to minimize the
rate of deformation under constant applied stress (Figure 7a),
enabling gel shape to be maintained under sustained loading.
The steady shear rate of compliance (/) increases exponen-
tially with temperature for P,, which is expected since relaxa-
tion in similar leucine zipper hydrogels occurs more rapidly
when the strand exchange kinetics are increased.*!! However,
Joo for PNIPAM-P,-PNIPAM decreases by an order of magni-
tude over the same temperature range, having nearly the same
value as the PNIPAM-Cgy-PNIPAM gel by 50 °C. The decrease
in the rate of compliance originates from the slow mecha-
nisms of endblock pull-out*? and micelle rearrangement,*%l
which are immeasurable by linear oscillatory shear rheology.
The longest stress relaxation time (7,) in these materials can be
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Figure 7. a) Steady state rate of compliance (o, =1,"") of 30% (w/w) gels plotted as a function of temperature. Lines connecting data points are added
to guide the eye. b) Erosion of 30% (w/w) reinforced and unreinforced hydrogels at 35 °C (100 mm phosphate, pH = 7.6). For the reinforced gels, the
erosion of both bioconjugate (squares, solid line) and free protein (triangles, dashed line) were monitored over time. Erosion rates determined from

linear fits to the data are indicated in the plot.

wileyonlinelibrary.com

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2013, 23, 1182-1193



'a\
M“‘“\)iié

www.MaterialsViews.com

www.afm-journal.de

(a) NS 3 e 0 e 1 s e L B R T (b) L L L L L L B L N PP
L] I~ . -
10 4+ aasggaanastts 14 —@— Yield Stress 1
(] artle . .
AAA:, ooooooono..-.lo.o.c:l".‘.. ...l|'= N —4A— Yield Strain B
100 F T ety - 2 12 08
— A‘AA .o. Hota,,, uA r i
g oo AAX ° % I AAAA ’(.u\ C i
L el e . QLiof 1 <
~ ‘AA o AAA _— : | =<
5 5°C X 20°C = | J08 5
S o't i v il PR | RPN T 8 8- ] o
- T T T S B Ly, ™ TT s [ ] »
O 10° ...................u-:p-':"5:;““: g--"-"""0"-"“-0::g:;!n;;::“‘: 2 6 :— —0.4 §
5 k., el @ 1 °
- at | at L > 4L T
S or st el P 50°C 3 4r 1
AAAA ‘AAA G r —0.2
. " _
10% [-ua* ° a4 e G" b C J
I 35°C t A Shear Stress r _
aovbe e el 5 iael § vevegl @ el B s ig il 5 oi el i o eyl i i O v vyl vy v by v o by v vy bew gy 1,,700
0.1 1 10 100 0.1 1 10 100 10 20 30 40 50
Strain (%) Temperature

Figure 8. a) Strain sweeps on 30% (w/w) PNIPAM-P,-PNIPAM in oscillatory shear (10 rad s™') showing nonlinear dependence of the first harmonic
component of the stress (o, = |o%]), G;’, and G”. b) Yield stress and yield strain as a function of temperature.

computed from the irrecoverable compliance following creep
recovery, J,, divided by the steady state compliance.*!l At 50 °C,
7T, is 2300 + 300 s for PNIPAM-Cg,-PNIPAM and 3800 + 300 s
for PNIPAM-P,-PNIPAM, compared with only 18 +12 s
for P,. These calculations indicate that the associative mid-
blocks increase the longest stress relaxation time of the block
copolymer gels.

In addition to creep resistance, engineering the erosion rate
of injectable hydrogels is another important design parameter
in the development of advanced gels. The effect of introducing
additional slowly relaxing physical crosslinks is to significantly
slow the erosion of hydrogels, making them more stable in
open systems found in physiological environments. The free
erosion of reinforced and unreinforced hydrogels at 35 °C
was measured in excess buffer by monitoring the free protein
and bioconjugate concentrations spectrophotometrically over
the course of one week (Figure 7b). After four days, a P, gel
can no longer be observed at the bottom of the container. The
linear mass decay profile of protein, as determined from the
Ayg signal over time, indicates that both P, and PNIPAM-P,-
PNIPAM gels degrade by surface rather than bulk erosion,'l
but the erosion rate is reduced by greater than a factor of five,
from -6.40 x 107 h™! in the 30% P, gels to —9.34 x10~* h™!
in the reinforced hydrogels (Figure 7D, circles and triangles,
respectively). However, the protein released by the reinforced
gel does not have the spectral profile of the conjugate polymers,
which has a strong absorbance at 306 nm due to the trithio-
carbonate group in the PNIPAM endblocks. Monitoring the the
gel's mass loss from the increase in A; suggests that reinforce-
ment by endblock self-assembly leads to a reduced erosion rate
that is lower by more than one order of magnitude (Figure 7b,
squares). The discrepancy between these two measures indi-
cates that unconjugated protein is being released from the
PNIPAM-P,-PNIPAM gel, likely due to the slow hydrolysis of
the ester bond that links the thermoresponsive polymer to the
associative protein. Tuning the hydrolysis rate of this junction
point through changes in the crosslinking chemistry serves as
a potential method for tuning the degradation of and release
from associative protein hydrogels.

Adv. Funct. Mater. 2013, 23, 1182-1193
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PNIPAM nanodomain self-assembly also has a large impact
on the yielding behavior of these materials, as illustrated by
strain sweeps in oscillatory shear (at 10 rad s™') performed
into the nonlinear regime (Figure 8a). The nonlinear behavior
is significantly different after endblock self-assembly is trig-
gered: the first harmonic G;”and G;” decrease more slowly
with increasing strain, and the first harmonic component of
the shear stress (0;) increases slightly instead of decreasing
significantly after the yield point. The yield stress and strain
were determined from the point at which the shear stress devi-
ated from linearity. A plot of these parameters as a function of
temperature (Figure 8b) shows that the yield stress increases
seven-fold with increasing temperature and peaks at 35 °C,
illustrating the ability of endblock self-assembly to trigger a
transition from an easily yielding single network to a reinforced
double network structure. Lissajous analysis reveals a flattening
of the stress-strain curves at all temperatures into the nonlinear
regime, confirming that the apparent shear thinning of the
gels is due to a yielding mechanism under all conditions (Sup-
porting Information, Figure S8).

The responsively self-assembled reinforcing domains were
also seen to increase gel toughness in uniaxial compression
to high deformation, leading to gels with increased stiffness,
greater energy dissipation, and improved resistance to plastic
deformation at elevated temperatures. Gel samples were
subjected to cyclic loading/unloading at 5 °C and 35 °C to
increasing strain at 0.5 mm s™! (an initial strain rate of approxi-
mately 0.13-0.16 s7!) over the range of 10-90% with no wait
time between cycles (Figure 9). The compressive moduli,
determined from neo-Hookean fits to the data,were found to
be 11.8 + 0.9 and 10.2 + 0.7 kPa for the PNIPAM-P,-PNIPAM
and P, gels at 5 °C, respectively.’”l The modulus of PNIPAM-
P,-PNIPAM increases to 24.8 +0.5 kPa at 35 °C, while P, sof-
tens slightly to 9.1 £ 1.0 kPa at the same temperature. At 35 °C
both gels exhibit increased energy dissipation, as evidenced by
the increase in hysteresis between the loading and unloading
curves (Figure 9a, insets).

In these cyclic compression experiments, fracture could be
identified as a sudden increase in hysteresis between loading/
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Figure 9. Cyclic compression testing on 30% (w/w) hydrogels at 5 °C and 35 °C. a) Characteristic load-deformation curves for the reinforced and
unreinforced gels from 10-90% deformation in steps of 5%. Asterisk identifies cycle (dotted line) during which failure occurs in P, at 5 °C. Insets show
single loading/unloading step to 70% deformation for each sample. Arrows indicate the re-initiation of contact during the cycle. b) Plastic deformation
of samples was monitored throughout the cyclic procedure by tracking the distance to surface contact.

unloading. At 5 °C, the unreinforced P, gels fractured by 80%
deformation; at 35 °C no fracture was observed throughout
compression to 90% deformation, but the P, gels showed sig-
nificant plastic deformation throughout the test, as indicated by
measurements of the change in sample height after each cycle
(Figure 9Db). At 35 °C, P, gels were flattened significantly by
the conclusion of the test, exhibiting very little elastic recovery
after each cycle. However, the reinforced PNIPAM-P,-PNIPAM
gels demonstrate the ability to resist both fracture and the
accumulation of plastic deformation during the cyclic com-
pression test: no fracture is observed throughout compression
to 90% deformation and the residual deformation throughout
the test is approximately half that of the unreinforced gels.
The PNIPAM-P,-PNIPAM gels even continued to slowly
recover after compression 90% deformation. Upon waiting
three minutes after the final compression cycle, the reinforced
gels were found to recover such that the residual deformation
was less than 0.3 strain units, indicating that the cyclic com-
pression experiment overestimates the equilibrium residual
plastic deformation. In addition to exhibiting improved elastic
recovery, the higher modulus and delayed fracture point of
the reinforced PNIPAM-P,-PNIPAM hydrogels confirm that
endblock self-assembly leads to gels with greater toughness in
compression.

3. Conclusions

The responsive reinforcement of a shear-thinning protein
hydrogel was achieved through the use of block copolymer
self-assembly within the associating protein gel to form two
orthogonal networks in a single polymeric material. Hybrid
protein-polymer block copolymers were synthesized using a
grafting-to approach, incorporating specific coiled-coil associa-
tions in the midblock protein and hydrophobically aggregating
PNIPAM endblock polymers. Circular dichroism and small-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

angle neutron scattering show that the individual components
of this dual-network system were independently responsive,
and that structure formation in each network was independent.
Triggered microphase separation led to the formation of
well-defined spherical nanostructures in the telechelic block
copolymer hydrogels without disrupting the secondary struc-
ture of the midblock protein domains.

Endblock self-assembly resulted in a thermoresponsive
transition from a shear-thinning gel to a reinforced gel, but
the impact of this reinforcement mechanism was greater
than simply the creation of a more highly crosslinked gel. The
gels could be stiffened by up to five-fold, greater than could
be expected from transient network theory. This nonlinear
increase suggests that both the formation of a percolating net-
work of micelles with PNIPAM cores and an increase in the
number of elastically effective midblock associations contribute
to the high temperature modulus. The introduction of physical
crosslinks and close-packed micelles with substantially longer
relaxation times also led to improved resistance to creep and
erosion, counteracting the rapid exchange of midblock associa-
tions that occurs at elevated temperatures. Nonlinear rheology
demonstrates that the gels will shear thin at low temperatures,
and reinforcement can lead to up to a seven-fold increase in the
material's yield stress. Reinforced gels were found to be tougher
in compression, having higher moduli and withstanding defor-
mation to higher strains without fracture and with significantly
less permanent deformation.

Hydrogels that are responsively tough yet injectable have a
number of important applications as high performance load-
bearing soft materials. In the minimally-invasive delivery of
therapeutics, cells, or bioactive scaffolds in particular, the use
of protein-based shear thinning materials provides one method
to conveniently biofunctionalize the implant for precise con-
trol over its interaction with the target tissue environment.
The mechanism for responsive nanostructure formation and
mechanical reinforcement explored here takes a step toward
achieving these complex goals.

Adv. Funct. Mater. 2013, 23, 1182-1193
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4. Experimental Section

Polymer Synthesis and Purification: Low polydispersity, monofunctional
PNIPAM was synthesized by reversible addition-fragmentation chain
transfer (RAFT) polymerization using a chain transfer agent coupled
to a furan-protected maleimide, as described previously.3l Briefly,
N-isopropylacrylamide  (sublimed), azobisisobutyronitrile  (AIBN,
recrystallized from methanol), and the chain transfer agent (CTA)H4
were combined in acetonitrile in a 400:0.2:1 ratio. The monomer
concentration was fixed at 2 m, and the reaction mixture was degassed
by three cycles of freeze-pump-thaw. Polymerization proceeded at 55 °C
for approximately three hours. The reaction was quenched by cooling
rapidly to room temperature and opening the vessel to air. The solvent
was removed by rotary evaporation, and the remaining solids dissolved
in cold, distilled water and filtered. Polymer was collected following two
rounds of thermal precipitation, and dried completely under vacuum.
Endgroup deprotection was performed at 120 °C under vacuum for 2 h.
Absolute molecular weights were determined using an Agilent 1260 GPC
system with three DMF ResiPore columns (resolution up to 400 kDa),
a Wyatt Mini-DAWN TREOS 3-angle static light scattering detector,
and a Wyatt Optilab T-rEX refractive index detector. The dn/dc of the
synthesized polymers was measured to be 0.0761 (£0.0007) mL g™' at
25 °C (A = 658.0 nm). The two polymers used in this study had M, =
19.2 kDa and 20.2 kDa, and PDls of 1.08 and 1.04, respectively.

Protein Synthesis: Variants of gel-forming proteins were engineered
by alternating the genes of a random coil linker sequence (Cy) and a
pentameric self-associating coiled-coil sequence (P), based on plasmids
prepared previously.'>18l The genes were cloned with Nhel and Spel
recognition sequences at the 5" and 3’ ends respectively. Restriction
digests with the appropriate enzymes liberate complementary overhangs
at both ends, and subsequent ligation yields a single Spel site at the 3" end
of the insert when the genes have been cloned in the proper orientation.
This strategy was used to sequentially assemble Cyo(PCy0)4 and Cgo. In a
final step, the genes were excised and inserted into the pQE9 expression
vector (Qiagen), where the multiple cloning site was mutated to include
an Spel recognition sequence flanked by cysteine codons.

The genes were transformed into Escherichia coli (E. coli) strain
SG13009 with the pREP4 repressor plasmid. Overnight cultures (5 mL)
were used to inoculate expressions in Terrific Broth (1 L). Cells were grown
at 37 °C to an optical density of 0.9-1.1 and induced with IPTG (1 mm,
final concentration). Cells were harvested by centrifugation 6 hours post-
induction, and the pellets were stored at —80 °C overnight. For each liter
of expression, the cells were resuspended on ice in lysis buffer (50 mL;
10 mm Tris, 1 mm EDTA, 100 mm NaCl, pH =7.5, 5 mm MgCl,). Lysozyme
(100 mg) was added, then after 1 h the suspension was sonicated.
Cell debris was removed by centrifugation, and DNAse | and RNAse A
(2 mg each) were added to the clarified supernatant and incubated for
2-3 h at 37°C. Urea (8 m), phosphate (100 mwm), and B-mercaptoethanol
(BME, 20 mm) were added to the supernatant to denature and reduce
the lysate. Proteins were purified from the crude lysate by ammonium
sulfate  precipitation. For cysteine-flanked Cy;o(PC10), (cys-Py),
(NH,),SO, was added (10 g per 50 mL buffer), incubated for at least
2 h, then centrifuged at 37 °C. To the supernatant, additional (NH,),SO4
(2.5 g) was dissolved, the solution incubated, and then centrifuged at
37°C once more. For cysteine-flanked Cgo (cys-Cgo), (NH4),SO4 (14 g
per 50 mL) was added in the first precipitation, followed by additional
(NH,),SOy (3.5 g) in the second cycle to precipitate the desired protein.
The protein pellet was resuspended in urea (8 m) with BME (20 mwm),
dialyzed against water, then lyophilized. Complete digestion of nucleic
acids was determined by UV-Vis and protein purity assessed by SDS-
PAGE and MALDI-TOF. Yields were typically in excess of 175 mg per liter
expression. Cyo(PCyq)4 (P4) was purified selectively from denatured cell
lysate by metal affinity chromatography using Ni-NTA resin (Qiagen).
Yields were typically 60-80 mg per liter expression.

Bioconjugation and  Purification:  Thiol-maleimide conjugations
were performed in sodium phosphate buffer (100 mm, pH = 8.0),
supplemented with EDTA (1 mw). Tris(2-carboxyethylphosphine) (TCEP)
was dissolved in the buffer immediately prior to use, at a 10-fold molar
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excess to the protein. Lyophilized protein (7 mg mL™") and deprotected
PNIPAM (10-fold excess per cysteine) were added to the buffer, and the
reaction was allowed to proceed overnight at 4 °C with constant stirring.
Conjugates were purified from the excess polymer by anion exchange
chromatography under denaturing conditions using QAE-Sephadex
A-50 resin (GE Healthcare). First, the conjugation reaction mixture
was dialyzed 3-4 times against water to remove the phosphate, then
urea (6 m) and Tris (20 mm) were added and the pH adjusted to 6.4.
Conjugates were bound to the Sephadex column under continuous flow
and the concentration of PNIPAM in the flowthrough was monitored
spectrophotometrically, since the trithiocarbonate group on the RAFT
agent has a strong absorbance in the range 300-310 nm. The resin was
washed with excess binding buffer (6 m urea, 20 mwm Tris, pH = 6.4) until
the Ajps signal was indistinguishable from the baseline. Conjugates
were eluted using binding buffer supplemented with NaCl (500 mwm).
The elutions were dialyzed against water, lyophilized, and stored at
20 °C. From the SDS-PAGE densitometry-estimated mole fractions
of each species (Supporting Information), endblock conjugation was
determined to be 61% (+4%) and 83% (+7%) in PNIPAM-P,-PNIPAM
and PNIPAM-Cgy-PNIPAM, respectively. The difference in conjugation
efficiency was attributed to the reduced accessibility of cysteine residues
in the associating protein (cys-P,) under the reaction conditions used.

Circular Dichroism: Proteins or conjugates were weighed out from
lyophilized powders and prepared as solutions (10 im) in sodium phosphate
buffer (100 mm, pH = 7.6). Samples were loaded into a quartz cuvette with a
1 mm path length. Samples were scanned using an Aviv Model 202 Circular
Dichroism Spectrometer with a Peltier temperature controller. Scans were
collected with 1 nm resolution and an averaging time of 5 s.

Small Angle Neutron Scattering: SANS experiments were performed
at the Lujan Center at the Los Alamos Neutron Science Center on the
Low Q Diffractometer. Deuterated phosphate buffers were prepared
with protonated monosodium phosphate monohydrate (0.22% w/v)
and protonated disodium phosphate heptahydrate (2.26% w/v) in D,0O,
targeting 100 mwm phosphate buffer at pH = 7.6. Hydrogels were prepared
by combining protonated proteins and block copolymers with deuterated
buffers in a 30:70 ratio (mass:volume). Samples were allowed to
equilibrate at 4 °C for 24—-48 h. Homogeneous gels were sealed between
two quartz plates separated by a Teflon spacer approximately 0.5 mm
thick. Samples were equilibrated for at least 30 min at each temperature.
Two-dimensional scattering patterns were collected until at least 500 000
events above background. 1D reductions were executed®! and the data
were fit accounting for smearing due the finite collimation and pixel size.

Rheology: Oscillatory shear rheology and shear creep compliance
measurements were performed on an Anton Paar MCR-301 stress
controlled rheometer in Direct Strain Oscillation mode for pseudo-strain
control. The rheometer was outfitted with a Peltier heating system with
an environmental enclosure for uniform temperature control. Protein
or block copolymer samples (30% w/w) were hydrated in sodium
phosphate buffer (100 mm, pH = 7.6). Samples were allowed to swell
completely at 4 °C for 24-48 h with periodic mixing and centrifugation
until homogenized. Gels were loaded into a sandblasted cone-and-plate
geometry using a 25 mm, 1° cone. A mineral oil barrier was used to
prevent sample dehydration. Creep measurements were performed for
20 min three times per temperature at loads in the linear range, each
followed by a recovery step under zero load.

Erosion: Approximately 1.25 mm thick gels were prepared in
cylindrical wells 6.4 mm in diameter and 8.5 mm tall by loading the
gel (approximately 40 pL, 30% w/w) and making the gel surface flat by
centrifugation. Gels were equilibrated briefly at 35°C and then prewarmed
sodium phosphate buffer (250 uL, 100 mM, pH = 7.6) was added to each
well. The concentration of material in the supernatant was monitored
spectrophotmetrically by continuous sampling over the course of one
week at constant temperature in the absence of mechanical disruption.
Experiments were performed in quintuplicate.

Uniaxial Compression: Compression experiments were performed
using a Texture Technologies Corp. Texture Analyzer with a 5 N load cell
and a temperature controlled environmental chamber with membrane
humidification. Aluminum platens were covered with teflon sheets, and
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a layer of mineral oil was used for additional lubrication. Hydrated gels
(30% w/w) in sodium phosphate buffer (100 mwm, pH = 7.6) were formed
into cylindrical plugs in teflon molds approximately 3 mm in diameter
and 3-4 mm tall to yield optically clear gels with no macroscopically
visible surface artifacts. Gels were placed in the chamber and equilibrated
at the specified temperature for approximately 3 min prior to the start of
compression. Contact was initiated at 0.01 N and the gels were precycled
5 times by +1% strain. Cyclic loading/unloading was performed at a
constant strain rate (0.5 mm s7') in 5% strain increments from 10-90%.
The platen returned to the initial sample height (h,) at the end of each
cycle. Experiments were performed in triplicate.

Supporting Information

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