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Abstract

For polymer-particle composites, limited thermodynamic compatibility of polymers and parti-
cles often leads to poor dispersal and agglomeration of the particles in the matrix, which
negatively impacts the mechanics of composites. To study the impact of particle compatibil-
ity in polymer matrices on the mechanical properties of composites, we here study compos-
ite silica- protein based hydrogels. The polymer used is a previously studied telechelic
protein-based polymer with end groups that form triple helices, and the particles are silica
nanoparticles that only weakly associate with the polymer matrix. At 1mM protein polymer,
up to 7% of silica nanoparticles can be embedded in the hydrogel. At higher concentrations
the system phase separates. Oscillatory rheology shows that at high frequencies the parti-
cles strengthen the gels by acting as short-lived multivalent cross-links, while at low frequen-
cies, the particles reduce the gel strength, presumably by sequestering part of the protein
polymers in such a way that they can no longer contribute to the network strength. As is gen-
erally observed for polymer/particle composites, shear-induced polymer desorption from the
particles leads to a viscous dissipation that strongly increases with increasing particle con-
centration. While linear rheological properties as function of particle concentration provide
no signals for an approaching phase separation, this is very different for the non-linear rheol-
ogy, especially fracture. Strain-at-break decreases rapidly with increasing particle concen-
tration and vanishes as the phase boundary is approached, suggesting that the interfaces
between regions of high and low particle densities in composites close to phase separation
provide easy fracture planes.

Introduction

Designing high performance composite materials is a modern challenge in a wide range of
fields, from aerospace to biomedical engineering: it is still a huge challenge to design a desired
macroscopic performance by constructing a composite “from the ground up” by constructing
its microstructure [1-4]. A specific type of composite materials with many applications in bio-
engineering are composite hydrogels. Hydrogels are being studied for many biomedical appli-
cations, including tissue engineering [5], as scaffolds [6], contact lenses [7] and drug delivery
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systems [8]. Frequently, nanoparticles are added to such hydrogels, to modify either their bio-
functionality or their mechanical properties: for example, adding silver nanoparticles makes
PVA/gum acacia hydrogels antibacterial [9], and magnetic nanoparticles allow for hydrogels
to be remotely controlled by magnetic fields [10]. Nanoparticles are also used to modulate the
mechanical properties of hydrogels, since their presence often strongly influences the hydrogel
stiffness [11], porosity [12]and fracture resistance [13], which are all crucial for many applica-
tions. For instance, cartilage substitutes need to be resistant to high compressive stresses but

at the same time have have tunable stiffness [14]. Also, when used as scaffold, the mechanical
properties of the hydrogels strongly influence the biological response of the encapsulated or
attached cells [15].

In many (but not all) cases a highly desirable property of hydrogels and composite hydro-
gels for biomedical applications is that they are also self-healing so that they can, for example,
be injected, or can adapt to changes in their environment. As a model biocompatible, and self-
healing hydrogel, we have previously studied a telechelic protein-based polymer with a colla-
gen-inspired amino-acid sequence abbreviated as To-CR4-To. Its endblocks, Ty = (PGP)s, are
inspired by natural collagen, form triple helices at low temperatures. The midblock C® is 399
amino acids long and does not contribute to the formation of helices over a wide range of solu-
tion conditions [16]. See Fig 1.

The self-healing hydrogels formed by this protein-based polymer have precisely defined
architectures and melting trajectories. Their linear mechanical behavior, but also their non-lin-
ear mechanical properties and fracture strength can be precisely understood in terms of the
known behavior of the triple helical end blocks and random coil midblocks [17, 18]. The well-
defined nature of the protein-based polymers, and the fact that the mechanical behavior of the
hydrogels they form are so well understood, makes this an ideal system to develop a more
detailed understanding of composite self-healing hydrogels that incorporate nanoparticles.

With this in mind, we here study the effect of filling the To-C®4-To hydrogels with increas-
ing amounts of nanoparticle fillers. As model nanoparticles we use SiO, nanoparticles with a
radius of about 20nm (Ludox). Such SiO, nanoparticles are widely available and have good
biocompatibility, making them good model particles for our purpose. The polypeptides feature
a wide range of chemical groups that can potentially have weak interactions with the silica sur-
face, so we expect the particles to be weakly interacting with the hydrogel matrix. This is prob-
ably typically the case for hydrogels where nanoparticles are added to endow hydrogels with
extra functionalities such as antimicrobial activity [9], but not when the main purpose of the
nanoparticle fillers is to act as multivalent physical crosslinks for mechanically reinforcement
[19], since in that case polymer-nanoparticle interactions are deliberately engineered to be
very strong instead.

For polymer-particle mixtures, when particles have unfavorable interactions with the poly-
mers, phase separation will occur beyond some particle concentration. For particle-polymer
composites, poor compatibility of particles and polymers leads to difficulties in dispersing the
particles in the polymer matrix, and to particle agglomeration in the matrix [20]. Segregation
of polymer and particles sometimes can be opposed by strongly attractive polymer-particle
interactions (phase separation could still occur through bridging flocculation), but for the
fairly typical case of weakly attractive interactions between polymers and particles it can often
not be prevented completely. Our composite is thus a perfect model system for studying in
detail how particle-polymer segregation affects the mechanical properties of composite hydro-
gels in the limit of weakly attractive interactions between the particles and the polymer matrix.

The model system is illustrated in Fig 1. The T triple helix is around 8nm long, and the radius
of the C}, polymer coil is around 7nm [16]. At temperatures above the melting point of the T
triple helices (around 37°C for the concentrations used to make hydrogels) the To-C®4-To
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Fig 1. Model system for self-healing composite hydrogel. A: Thermogelation is caused by triple helix formation leading to trifunctional
crosslinks. B: A schematic of the composite gel; all elements are roughly to scale.

https://doi.org/10.1371/journal.pone.0211059.9001

polymers exist as free polymer coils (Fig 1A). Below the melting point, triple helices form. A
small fraction of the polymers forms elastically inactive loops, but most polymers are elastically
active [17] (Fig 1B). Various weak interactions determine the structure of the self-healing com-
posite hydrogels, as illustrated in Fig 1B: Ty blocks may form triple helices or adhere to the sur-
face of the SiO, particles. The C®, blocks may also weakly adhere to the surface of the SiO,
particles. Finally, in the bulk solution, structure formation is dominated by the formation of T
triple helices. Elastically inactive loops not only occur in the bulk, but may also occur at the sur-
face. We study the macrostructural behavior and mechanical properties of the composite hydro-
gel as a function of nanoparticle concentration with rheology. We probe network formation,
frequency dependence of storage and loss moduli, fracture dynamics and recovery in a single
rheological protocol for each sample.

As expected, our model composite hydrogels do indeed show phase separation beyond a
critical concentration of added SiO, particles, and we probe the mechanical properties of the
hydrogels over the entire one-phase region. Due to the well-defined nature of the system we
can separate relaxations due to breakage of the triple-helices [18]from relaxations due to
breakage of the much weaker bonds between the polymers and the surface, and such a separa-
tion is useful for developing understanding of the mechanics of self-healing composite hydro-
gels. Most importantly, for our model system we can show in detail how the approach to
phase separation correlates with characteristic changes in the mechanical properties of the
composites.

Materials and methods
Recombinant protein-polymers

Production and purification of the recombinant protein-polymers To-C®4-To and C*; was per-
formed as described before [16, 21].

Light scattering

A Zetasizer NanoZS$ apparatus (Malvern Instruments, UK) equipped with a 4mW He-Ne ion
laser (A = 633nm) was used to perform dynamic light scattering measurements. A stock solu-
tion of 0.1wt% SiO, was prepared by diluting 50wt% LUDOX TM-50 (pH 9) in a prepared
50mL phosphate buffer (I = 10mM, pH 7), leading to a final pH around 7. The phosphate
buffer was filtered before use (0.2um filters). Given amounts of To-C"4-To and C¥, proteins
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(0-2.5mg) were dissolved in 1mL stock solutions, which were left to equilibrate for 1h at 40°C
in a thermo-heater with a shaking function before measurements. The intensity fluctuations
of light scattered by particles were determined from an average of three autocorrelation mea-
surements carried out at 40°C using a scattering angle of 173°. The hydrodynamic radius was
obtained using standard light scattering theory.

Preparation of composite hydrogels

Hydrogels studied here always consisted of ImM To-CR,-To protein-polymer and varying
volume fractions (0-7%) of SiO, nanoparticles at pH 7. To prepare the composite hydrogels,
12.59mg To-CR,- T, protein-polymer was always dissolved in different amounts of phosphate
buffer (I = 10mM, pH 7) (300pL, 280.32uL, 266.44pL, 247.50pL, 229.40uL, 223.08pL). Next,
50wt% LUDOX (pH~29) was adjusted to pH 7 by titration with 1M HCIL. Different amounts of
this LUDOX dispersion (OuL, 19.68uL, 35.56pL, 52.50pL, 70.60uL, 76.92uL) were added into
the protein solutions. The total volume of all samples was 300uL. All samples were prepared in
the same way and left in a thermo-heater with a shaking function at 50°C for 1 hour to reach
an equilibrium in which no triple helices are present. Note that the pH slightly deviates from 7
after dissolving the protein; however, the pH change is small and since the protein concentra-
tion is constant, we assume that the pH changes will be the same for all samples.

Turbidity measurement

The turbidity of all samples was quantitatively determined using a UV-Vis spectrophotometer
(Thermo Scientific Evolution 220). Composite hydrogels were prepared in a quartz cuvette as
described before. It was observed that during cooling the turbidity changed only during the
first 30min. Therefore the turbidity of each sample was determined after a cooling period of
more than 30min, by measuring the transmittance at a wavelength A = 500nm.

Cryo-SEM

The Cryo-SEM used here is a FEI Magellan 400 equipped with a Leica cold storage. Prepara-
tion of composite hydrogels was done as described before [16]. After preparation, the 1-4mm®
small samples were rapidly frozen in liquid nitrogen and then quickly fractured, removing the
top part to obtain an open structure and allowing for imaging of the bulk of the broken gel.
Next, samples were coated with a tungsten layer with a thickness around 20nm. Finally, sam-
ples were transferred to the Cryo-SEM.

Rheology

Rheological measurements were performed with an Anton Paar MCR 301 or 501 rheometer
equipped with a ImL Couette geometry and Peltier element temperature control. A solvent trap
with tetradecane was used to minimize evaporation of water. To minimize the sample volume,
the lower part of the geometry, below the concentric gap, was filled with 725uL HT70 heavy oil
(a perfluorinated polyether). We checked that this procedure did not affect rheological results.
The viscous samples, equilibrated at 50°C were quickly transferred to the measurement geome-
try which was preheated at 50°C. After transferring the sample, the bob was lowered to the mea-
surement position through the liquid samples. We then quenched the temperature to 20°C and
the measurement was started. The following measurement protocol was used: (1) continuous
oscillation measurement of the storage (G’) and loss (G”) modulus for 20h, at a fixed frequency
and amplitude (w = 6.28rad/s, ¥ = 1%) to follow gel formation. (2) a frequency sweep (w =
0.01...100rad/s, ¥y = 1%) (3) a strain sweep (w = 6.28rad/s, y = 0.01...1000%). (4) continuous
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oscillation measurement of the storage (G’) and loss (G”) modulus for 8h, to follow recovery, at
a fixed frequency and amplitude (w = 6.28rad/s, y = 1%). (5) After healing, we measure the
shear stress at constant shear rate (0.1s') until a strain of 1000%. All data shown below are
derived from this sequence of steps unless otherwise stated. We have done repeats of this proto-
col for different samples: 0% (1 time), 2% (1 time), 3.5% (3 times), 5% (1 time), 7% (2 times).

Results and discussion

Adsorption of C®, and Ty-C®;-T, protein polymers onto surface of silica
particles

First, we probe the association of individual silica nanoparticles with the protein polymers
C®, and Ty-C®,-To. To a dilute solution of silica nanoparticles (0.1wt%) we add increasing
amounts of protein polymer, while remaining in the dilute limit of low protein polymer
concentrations (<2.5g/L). Using dynamic light scattering, we monitor the increase in the
hydrodynamic radius of the nanoparticles due to adsorption of the protein polymers at a tem-
perature above the melting transition of the Ty triple helices (40°C). Results are shown in Fig
2. Both polymers associate with the silica nanoparticles, as can be seen from the increase of the
hydrodynamic radii Ry of the particles. The maximal increase for To-CR,-To is ARyy~18nm,
whereas for C®,, ARyA5nm. Clearly the short To blocks have a substantial influence on the
adsorption which can only be explained if they have a higher affinity for the SiO, than the C*4
midblock.

Composite gel formation

The formation of ImM To-CR,-Ty composite gels, after a temperature quench from T = 50°C
to T = 20°C, was monitored using oscillatory rheology at a single low amplitude and frequency
(w =6.28rad/s, ¥y = 1%). Results are shown in Fig 3. The formation of the network depends sen-
sitively on the weight fraction of SiO, nanoparticles: for 0 and 2% of SiO, nanoparticles, we
observe a sigmoidal growth of the gel modulus that reaches its plateau strength after about 10
hours—see Fig 3A. Higher nanoparticle weight fractions slow down the gelation dynamics,
with the 7% gel clearly not yet having reached equilibrium even after 20h. A similar slow age-
ing was observed previously for particle-hydrogel composites, and ascribed to slow relaxation
of non-equilibrium aggregated structures [22, 23]. Final moduli after 10h and 20h are shown
in Fig 3B. A comparison with the classic Guth-Smallwood-Eshelby inclusion theory that
would apply if the particles had been inert fillers [24-26]shows that the adsorption of the
To-CR4- T to the nanoparticles leads to a significant increase of the modulus, beyond that
expected for inert fillers.

As is the case for many polymer/nanoparticle composite systems in which the polymer/
nanoparticle interactions are not very strong [27], there is only limited compatibility of the
SiO, nanoparticles and the ImM To-C®4-Ts hydrogels. We need to distinguish the cases of
compatibility at temperatures above and below the melting temperature of the To-C®4-To
hydrogels (around 37°C) [16, 28]. Above the melting temperatures, systems are in a liquid
state and presumably in thermodynamic equilibrium. We observe that at a temperature of
50°C and a protein concentration of 1mM, segregative phase separation occurs at particle vol-
ume fractions of 8% or larger. An example of a phase separated system at 10% of silica particles
is shown in Fig 4. The phase boundary at high temperatures is not necessarily the same as that
at low temperatures, but since macroscopic phase separation is usually slower than the gelation
processes, the typical case is that any phase separation that will occur upon cooling is arrested
at some stage by the gelation process. This also appears to be the case for the silica/To-C®4-To
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Fig 2. Dynamic light scattering of dilute solution of SiO, nanopartices, to which increasing amounts of protein polymers C*, and T,-C,-
To have been added. Hydrodynamic radius Rg(nm) versus protein polymer concentration Cp(g/L). Orange squares: T - C R - T, blue
circles: C®,. Error bars indicate the range observed for three repeats.

https://doi.org/10.1371/journal.pone.0211059.9002

composites: we observe a transmittance of cooled-down samples that strongly decreases with
the nanoparticle concentration (Figs 4 and 5).

Cryo-SEM (Fig 6) reveals the macrostructure of the silica/ To-C®4-Ts composites. Control
images for the pure protein networks (Fig 6A and 6B) allow us to distinguish the proteins from
the much larger SiO, nanoparticles. In a 7% composite sample (Fig 6C and 6D), the SiO,
nanoparticles appear to be well dispersed in the hydrogel matrix, suggesting that if during
cooling a phase boundary was encountered, the resulting phase separation has not progressed
far and was quickly arrested.

Influence of particles on frequency dependent storage and loss moduli

The frequency dependence of the storage and loss moduli of the composites after 20h is shown
in Fig 7. In the absence of the nanoparticles, the storage modulus G’(w) (Fig 7A) is frequency
independent, as expected for a hydrogel for which the crosslinks (the triple helices) are essen-
tially permanent over the frequency range that is probed [17]. Upon introducing the nanopar-
ticles, the storage modulus G’(w) becomes frequency dependent over the entire frequency
range probed (107%...10’rad/s), and this effect increases with increasing particle concentration.
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https:/doi.org/10.1371/journal.pone.0211059.9003

The nanoparticles affect the hydrogel mechanics in different ways at different frequencies: at
very low frequencies (<10 rad/s, extrapolating to lower frequencies), the nanoparticles soften
the composite, whereas at higher frequencies, they stiffen it. This effect can be easily observed
in Fig 7B, where we plot the storage moduli shown in Fig 7A as a function of volume fraction
for a number of frequencies. We do not expect the extremely slow aging present in the 7%
sample to affect the oscillatory tests in the current frequency window.

2%

3.5%

5%

7%

10%

Fig 4. Limited compatibility of SiO, nanoparticles with ImM T,-C®4-T. Pure protein sample is transparent. Composite samples (from
2% to 7%) are slightly turbid; no obvious phase separation occurs even after 50 hours. A composite sample with 10% particles phase
separates a high temperature (50°C, right).

https://doi.org/10.1371/journal.pone.0211059.9004
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Fig 5. Transmittance of samples with various fractions of particles. The vertical dashed line indicates the boundary
between the one phase (1¢) and two phase (2¢) regions.

https://doi.org/10.1371/journal.pone.0211059.9005

The frequency dependence must reflect the dynamics of the polymer adsorption on- and
desorption off the SiO, nanoparticles—see Fig 7D. The fact that the frequency dependence
occurs over a wide range indicates that there is not a single characteristic frequency and time-
scale associated with polymer adsorption and desorption, but rather a broad frequency spec-
trum. The spectrum is so broad, in fact, that we are not able to reach frequency independent
plateaus at either low or high frequencies. Although they have a very broad distribution of life-
times, the polymer-particle bonds must of course have some average lifetime 7,4,. At frequen-
cies w > 1/7,4; the particles act as multivalent physical crosslinks, increasing the strength of
the network. For w < 1/7,4s the nanoparticles no longer act as physical crosslinks and the stor-
age modulus should tend to that of the bulk polymer network. The fact that we see the start of
a reduction of the network strength at low frequencies, below that of the polymer network in
the absence of the nanoparticles, means that polymer adsorption presumably has rendered
some of the To-C®4-To polymers elastically inactive. This can occur for example, if the protein
polymers adsorb with their two Ty ends towards the surface of the nanoparticles. Since we can-
not reach the low frequency plateau with oscillatory measurements, from the present data, we
cannot yet estimate which fraction of protein polymers has become elastically inactive due to
adsorption on the particles. However, the effect is significant: at w = 107rad/s, the lowest fre-
quency probed in the experiment, the storage modulus G’(w) decreases from about 90Pa down
to 50Pa when adding 7% SiO, nanoparticles.

Next we consider the frequency-dependent loss modulus G”(w) (Fig 7C). As reported
before, without nanoparticles, the loss modulus is very low, but frequency dependent [17].
Adding the nanoparticles dramatically increases the loss modulus and reduces its frequency
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Fig 6. Cryo-SEM images. A and B are from a pure protein sample pictures, small dots are proteins. C and D are from a 7% composite sample.
Large dots are SiO, nanoparticles. Intermediate concentrations and full images are available in S1 Figs.

https://doi.org/10.1371/journal.pone.0211059.g006

dependence. The frequency-dependence of the storage modulus already indicated that poly-
mer adsorption and desorption occur at timescales corresponding to the entire frequency
range probed in our experiment, hence the most obvious candidate dissipation mechanism
that is proportional to the nanoparticle concentration is that of polymer desorption.

Fracture and recovery

The non-linear response of the composite hydrogels, in particular fracture, was characterized
in two complementary ways: using a strain sweep at a fixed frequency (w = 6.28rad/s) and by
applying a linear increase in shear strain at a rate ) = 0.1s™" (measured after recovery for 8h
from first strain sweeps). Results are shown in Fig 8. The nanoparticles dramatically decrease
the fracture resistance of the hydrogels (Fig 8A and 8C), with the strain-at-break (determined
by the largest derivative) vanishing as the phase boundary is approached (Fig 8B and 8D).
From the strain sweeps (Fig 8B) it appears that there are two distinct fracture processes.
This is especially clear for the composite hydrogel with 7% SiO, nanoparticles: a first fracture
process catastrophically disintegrates a part of the network at a low strain of around 30%, we
call this y,,,. After this, the remaining network shows some strain hardening and then fails at
150% strain (called gamma,, p), which is close to the strain-at-failure of the polymer hydrogel
with no added nanoparticles. Presumably the first failure mainly involves breaking polymer-
particle bonds between (almost) phase separated regions. For the failure at large strain, it is the
polymer-polymer bonds that break, consistent with the fact that the strain-at-break for the sec-
ond failure happens at around 150% strain, more or less independent of the volume fraction of
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frequencies w, as indicated. Also indicated is the phase boundary at 7.5%. C: Loss modulus G”(w). Color coding is the same as in Fig 3. D: The
average adsorption timescale 7,4, of the silica-protein binding is relevant for the frequency dependence of the rheology.

https://doi.org/10.1371/journal.pone.0211059.9007

added SiO, nanoparticles. The strain-at-break decreases rapidly with increasing volume frac-
tion of added SiO, nanoparticles (Fig 8B), most likely due to the failure of individual polymer-
silica bonds. We hence call the strains at which this happens y, s. A similar double-fracture
behavior was reported for a silica-grafted double network hydrogel [29]. The constant stress at
very large strains in Fig 8C is proportional to the effective viscosity of the fractured gel driven
at a shear rate at ) = 0.1s™". Consistent with the linear oscillatory rheology, that showed a
substantial increase in the loss modulus over all frequencies, we find that effective viscosity is
lower as the gel “pulp” created by the easily induced fractures at higher particles concentra-
tions make clumps smaller and yield more easily at a shear rate of 7 = 0.1s7".

The observation that the strain-at-break (for the first failure) vanishes as the phase bound-
ary is approached (Fig 8B inset and Fig 8D) suggests that the interfacial modulus for the phase
separated system must be very low. As we approach phase separation, the interfaces between
regions of high and low particle concentrations may provide very easy fracture planes. We
clarify this perspective schematically in Fig 8E.
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Fig 8. Fracture of ImM To-C®,-Ty composite hydrogels for a range of volume fractions of SiO, nanoparticles. A:
Storage modulus G’(w) at w = 6.28rad/s, as a function of strain y for different fraction of SiO, nanoparticles. Colors as
in Fig 3A. B: The derivative AG'/Ay measuring the change in modulus in the strain amplitude sweep. Note the
logarthmic scale on the vertical axis. The peak position represents the strain at break, the full width at half the
maximum (FWHM) the error bar on the peak location. Inset: strain-at-break as a function of volume fraction of SiO,
nanoparticles taken from the strain sweep of A. Colors and symbols as in Fig 3B. C: Stress 7 versus strain y at a
constant shear rate of 7 = 0.1s7'. D: strain-at-break as obtained from the flow curves in C, which we take as the
fracture point (solid symbols). Open symbols are the fracture points obtained from the strain sweeps and as
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regions. E: the different bond rupture mechanisms for protein-protein (pp) bond rupturing, protein-silica (ps) rupture
and phase-separation induced boundary-boundary (bb) rupture as referred to in panel A.
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Fig 9. Recovery after strain sweep fracture as shown in Fig 8. For t<0, A: Show the last part of the formation dynamics as well (see Fig 3A),
which ended about 4.5 hours before the recovery process started. The intervening time was used for frequency-dependent measurements and
the strain sweep. B: The modulus reduction due to fracture (AG’/G’ 45 solid symbol) and eventual recovery ratio (G’yecov/G’ max Open symbol)
as a function of filler fraction. For ¢ = 7% the recovery ratio is larger than one as the network had not reached equilibrium yet at the end of the
formation period and throughout the experiment slowly continues its strengthening. The vertical dashed line indicates the boundary between
the one phase (1¢) and two phase (2¢) regions.

https://doi.org/10.1371/journal.pone.0211059.9009

Being held together completely by reversible interactions, we anticipate that after fracture,
the composites should be able to mechanically heal. Indeed, as shown in Fig 9, recovery was
observed immediately after the strain sweeps. Recovery after 8h was complete to within 80-
95% of the strength last observed before fracture.

Conclusions

We characterized the mechanical behaviour of a model self-healing composite hydrogel com-
posed of a protein-based polymer with precisely defined architecture, mixed with silica nano-
particles. We observe that the addition of filler particles has profound consequences for the
time dependent elastic and viscous response of the composite. At low frequency, the presence
of nanoparticles reduces the elastic modulus of the composite; at high frequencies particles
enhance the elastic modulus. The well-defined character of the composite ingredients gives us
the ability to hypothesize that the low frequency modulus reduction is due to the nanoparticles
sequestering polymer bonds, reducing the overall connectedness and thus strength of the gel
network. The high frequency strengthening is most likely due to the nanoparticles acting as
multivalent crosslinking node, strengthening the network. The tendency for nanoparticles to
phase separate from the polymer has dramatic consequences for the fracture toughness of the
composite: close to the phase separation boundary, the strain-at-break drops to zero, suggest-
ing that, microscopically, fracture in phase separating composites is triggered in regions of
high particle concentration. For all filler fractions, the composite retains its self-healing capac-
ity, eventually restoring the elastic modulus even for the composite closest to the phase separa-
tion boundary.
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S1 Figs. Cryo-SEM images. A: Pure protein sample. B: 2% composite sample. C: 5% composite
sample. D: 7% composite sample.
(TIFF)

Acknowledgments

WR acknowledges Marc Werten and Frits de Wolf for help with producing and purifying the
protein polymers.

Author Contributions

Conceptualization: Renko de Vries, Joshua A. Dijksman.
Data curation: Xiufeng Li, Joshua A. Dijksman.

Formal analysis: Xiufeng Li, Joshua A. Dijksman.
Funding acquisition: Jasper van der Gucht.
Investigation: Xiufeng Li.

Methodology: Wolf Rombouts, Jasper van der Gucht, Renko de Vries, Joshua A. Dijksman.
Project administration: Renko de Vries.

Resources: Wolf Rombouts.

Software: Joshua A. Dijksman.

Supervision: Renko de Vries, Joshua A. Dijksman.
Visualization: Xiufeng Li.

Writing - original draft: Xiufeng Li, Renko de Vries.

Writing - review & editing: Xiufeng Li, Wolf Rombouts, Jasper van der Gucht, Renko de
Vries, Joshua A. Dijksman.

References

1. Balazs AC. Nanocomposites: economy at the nanoscale. Nat Mater. 2007; 6(2):94-5. https://doi.org/
10.1038/nmat1820 PMID: 17268493

2. LeeJY, Thompson RB, Jasnow D, Balazs AC. Effect of Nanoscopic Particles on the Mesophase Struc-
ture of Diblock Copolymers. Macromolecules. 2002; 35(13):4855-4858. https://doi.org/10.1021/
ma0200266

3. Thompson RB, Ginzburg VV, Matsen MW, Balazs AC. Predicting the mesophases of copolymer-nano-
particle composites. Science. 2001; 292(5526):2469-72. https://doi.org/10.1126/science.1060585
PMID: 11431562

4. Warren SC, Disalvo FJ, Wiesner U. Nanoparticle-tuned assembly and disassembly of mesostructured
silica hybrids. Nat Mater. 2007; 6(2):156—61. https://doi.org/10.1038/nmat1819 PMID: 17237791

5. Vulic K, Shoichet MS. Tunable growth factor delivery from injectable hydrogels for tissue engineering. J
Am Chem Soc. 2012; 134(2):882-5. https://doi.org/10.1021/ja210638x PMID: 22201513

6. TengW, LongTJ, Zhang Q, Yao K, Shen TT, Ratner BD. A tough, precision-porous hydrogel scaffold:
ophthalmologic applications. Biomaterials. 2014; 35(32):8916—26. https://doi.org/10.1016/j.
biomaterials.2014.07.013 PMID: 25085856

7. Pimenta AF, Ascenso J, Fernandes JC, Colaco R, Serro AP, Saramago B. Controlled drug release
from hydrogels for contact lenses: Drug partitioning and diffusion. Int J Pharm. 2016; 515(1-2):467—475.
https://doi.org/10.1016/j.ijpharm.2016.10.047 PMID: 27789366

PLOS ONE | https://doi.org/10.1371/journal.pone.0211059 January 25, 2019 13/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211059.s001
https://doi.org/10.1038/nmat1820
https://doi.org/10.1038/nmat1820
http://www.ncbi.nlm.nih.gov/pubmed/17268493
https://doi.org/10.1021/ma0200266
https://doi.org/10.1021/ma0200266
https://doi.org/10.1126/science.1060585
http://www.ncbi.nlm.nih.gov/pubmed/11431562
https://doi.org/10.1038/nmat1819
http://www.ncbi.nlm.nih.gov/pubmed/17237791
https://doi.org/10.1021/ja210638x
http://www.ncbi.nlm.nih.gov/pubmed/22201513
https://doi.org/10.1016/j.biomaterials.2014.07.013
https://doi.org/10.1016/j.biomaterials.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25085856
https://doi.org/10.1016/j.ijpharm.2016.10.047
http://www.ncbi.nlm.nih.gov/pubmed/27789366
https://doi.org/10.1371/journal.pone.0211059

®PLOS | one

Mechanics of composite hydrogels

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Tang C, Miller AF, Saiani A. Peptide hydrogels as mucoadhesives for local drug delivery. Int J Pharm.
2014; 465(1-2):427-35. https://doi.org/10.1016/j.ijpharm.2014.02.039 PMID: 24576596

Juby KA, Dwivedi C, Kumar M, Kota S, Misra HS, Bajaj PN. Silver nanoparticle-loaded PVA/gum acacia
hydrogel: synthesis, characterization and antibacterial study. Carbohydr Polym. 2012; 89(3):906—13.
https://doi.org/10.1016/j.carbpol.2012.04.033 PMID: 24750879

ZhangY, Yang B, Zhang X, Xu L, Tao L, Li S, et al. A magnetic self-healing hydrogel. Chem Commun
(Camb). 2012; 48(74):9305-7. https://doi.org/10.1039/c2cc34745h

Hribar KC, Choi YS, Ondeck M, Engler AJ, Chen S. Digital Plasmonic Patterning for Localized Tuning
of Hydrogel Stiffness. Adv Funct Mater. 2014; 24(31):4922—4926. https://doi.org/10.1002/adfm.
201400274 PMID: 26120293

Dadsetan M, Hefferan TE, Szatkowski JP, Mishra PK, Macura SI, Lu L, et al. Effect of hydrogel porosity
on marrow stromal cell phenotypic expression. Biomaterials. 2008; 29(14):2193-202. https://doi.org/10.
1016/j.biomaterials.2008.01.006 PMID: 18262642

Wang L, Shan G, Pan P. A strong and tough interpenetrating network hydrogel with ultrahigh compression
resistance. Soft Matter. 2014; 10(21):3850-6. https://doi.org/10.1039/c4sm00206g PMID: 24728587

Yue K, Truijillo-de Santiago G, Alvarez MM, Tamayol A, Annabi N, Khademhosseini A. Synthesis, prop-
erties, and biomedical applications of gelatin methacryloyl (GelMA) hydrogels. Biomaterials. 2015;
73:254—71. https://doi.org/10.1016/].biomaterials.2015.08.045 PMID: 26414409

Zhu J, Marchant RE. Design properties of hydrogel tissue-engineering scaffolds. Expert Rev Med
Devices. 2011; 8(5):607—26. https://doi.org/10.1586/erd.11.27 PMID: 22026626

Werten MW, Teles H, Moers APHA, Wolbert EJH, Sprakel J, Eggink G, et al Precision gels from colla-
gen-inspired triblock copolymers. Biomacromolecules. 2009; 10(5):1106—1113. https://doi.org/10.1021/
bm801299u PMID: 19374376

Skrzeszewska PJ, de Wolf FA, Werten MW, Moers APHA, Cohen Stuart MA, van der Gucht J Physical
gels of telechelic triblock copolymers with precisely defined junction multiplicity. Soft Matter. 2009; 5
(10). https://doi.org/10.1039/b819967a

Skrzeszewska PJ, Sprakel J, de Wolf FA, Fokkink R, Cohen Stuart MA, van der Gucht J. Fracture and
Self-Healing in a Well-Defined Self-Assembled Polymer Network. Macromolecules. 2010; 43(7):3542—
3548. https://doi.org/10.1021/ma1000173

Agrawal Sarvesh K., Sanabria-DelLL.ong Naomi, Tew Gregory N., Bhatia Surita R. Nanoparticle-rein-
forced associative network hydrogels. Langmuir. 2008; 24(22):13148—13154. https://doi.org/10.1021/
128015518 PMID: 18947244

Qiao R, Deng H, Putz KW, Brinson LC. Effect of particle agglomeration and interphase on the glass
transition temperature of polymer nanocomposites. Journal of Polymer Science Part B: Polymer Phys-
ics. 2011; 49(10):740-748. https://doi.org/10.1002/polb.22236

Werten MW, Wisselink WH, Jansen-van den Bosch TJ, de Bruin EC, de Wolf FA. Secreted production
of a custom-designed, highly hydrophilic gelatin in Pichia pastoris. Protein engineering. 2001; 14
(6):447—-454. https://doi.org/10.1093/protein/14.6.447 PMID: 11477225

Gerth MM, Bohdan M, Fokkink R, Voets IKI, van der Gucht J, Sprakel J. Supramolecular Assembly of
Self-Healing Nanocomposite Hydrogels. Macromolecular Rapid Communications. 2014; 35(24). https://
doi.org/10.1002/marc.201400543 PMID: 25346290

Lemmers M, Spruijt E, Akerboom S, Voets IKI, Aelst vAC, Cohen Stuart MA, et al. Physical Gels Based
on Charge-Driven Bridging of Nanoparticles by Triblock Copolymers. Langmuir. 2012; 28(33). https:/
doi.org/10.1021/1a301917e PMID: 22834713

Guth E. Theory of Filler Reinforcement. Journal of Applied Physics. 1945; 16(1):20—-25. https://doi.org/
10.1063/1.1707495

Smallwood HM. Limiting Law of the Reinforcement of Rubber. Journal of Applied Physics. 1944; 15
(11):758-766. https://doi.org/10.1063/1.1707385

Eshelby JD. The Determination of the Elastic Field of an Ellipsoidal Inclusion, and Related Problems.
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences. 1957; 241
(1226):376—396. https://doi.org/10.1098/rspa.1957.0133

Hooper JB, Schweitzer SK. Theory of phase separation in polymer nanocomposites. Macromolecules.
2006; 39(15):5133-5142. https://doi.org/10.1021/ma060577m

Silva CIF, Teles H, Moers APHA, Eggink G, de Wolf FA, Werten MW. Secreted Production of Collagen-
Inspired Gel-Forming Polymers With High Thermal Stability in Pichia pastoris. Biotechnology and Bio-
engineering. 2011; 108(11). https://doi.org/10.1002/bit.23228 PMID: 21656708

Wang Q, Hou R, Cheng Y, Fu J. Super-tough double-network hydrogels reinforced by covalently
compositing with silica-nanoparticles. Soft Matter. 2012; 8(22):6048. https://doi.org/10.1039/
c2sm07233e

PLOS ONE | https://doi.org/10.1371/journal.pone.0211059 January 25, 2019 14/14


https://doi.org/10.1016/j.ijpharm.2014.02.039
http://www.ncbi.nlm.nih.gov/pubmed/24576596
https://doi.org/10.1016/j.carbpol.2012.04.033
http://www.ncbi.nlm.nih.gov/pubmed/24750879
https://doi.org/10.1039/c2cc34745h
https://doi.org/10.1002/adfm.201400274
https://doi.org/10.1002/adfm.201400274
http://www.ncbi.nlm.nih.gov/pubmed/26120293
https://doi.org/10.1016/j.biomaterials.2008.01.006
https://doi.org/10.1016/j.biomaterials.2008.01.006
http://www.ncbi.nlm.nih.gov/pubmed/18262642
https://doi.org/10.1039/c4sm00206g
http://www.ncbi.nlm.nih.gov/pubmed/24728587
https://doi.org/10.1016/j.biomaterials.2015.08.045
http://www.ncbi.nlm.nih.gov/pubmed/26414409
https://doi.org/10.1586/erd.11.27
http://www.ncbi.nlm.nih.gov/pubmed/22026626
https://doi.org/10.1021/bm801299u
https://doi.org/10.1021/bm801299u
http://www.ncbi.nlm.nih.gov/pubmed/19374376
https://doi.org/10.1039/b819967a
https://doi.org/10.1021/ma1000173
https://doi.org/10.1021/la8015518
https://doi.org/10.1021/la8015518
http://www.ncbi.nlm.nih.gov/pubmed/18947244
https://doi.org/10.1002/polb.22236
https://doi.org/10.1093/protein/14.6.447
http://www.ncbi.nlm.nih.gov/pubmed/11477225
https://doi.org/10.1002/marc.201400543
https://doi.org/10.1002/marc.201400543
http://www.ncbi.nlm.nih.gov/pubmed/25346290
https://doi.org/10.1021/la301917e
https://doi.org/10.1021/la301917e
http://www.ncbi.nlm.nih.gov/pubmed/22834713
https://doi.org/10.1063/1.1707495
https://doi.org/10.1063/1.1707495
https://doi.org/10.1063/1.1707385
https://doi.org/10.1098/rspa.1957.0133
https://doi.org/10.1021/ma060577m
https://doi.org/10.1002/bit.23228
http://www.ncbi.nlm.nih.gov/pubmed/21656708
https://doi.org/10.1039/c2sm07233e
https://doi.org/10.1039/c2sm07233e
https://doi.org/10.1371/journal.pone.0211059

