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We present a detailed study of self-assembled hydrogels of bundled and cross-linked networks consisting of

positively charged amyloid-like nanofibers and a triblock copolymer with negatively charged end blocks as a

cross-linker. In a first step small oligopeptides self-assemble into macrocycles which are held together by

reversible disulfide bonds. Interactions between the peptides cause the macrocycles to assemble into

nanofibers, which form a reversible hydrogel. The physical properties of the hydrogel are tuned using
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various methods such as control over the fibre length, addition of a cross-linking copolymer, and addition of
salt. We establish a relationship between the bulk mechanical properties, the properties of the individual
fibers and the hydrogel morphology using characterization techniques operating at different length scales

such as rheology, atomic force microscopy (AFM) and cryo transmission electron microscopy (Cryo-TEM).
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1 Introduction

Self-assembled gel networks of bundled- and cross-linked filaments
have a lot of potential for biomedical and pharmaceutical applica-
tions such as tissue engineering,"” drug delivery,"” and bio-
sensing.®'® Over the past decades, the number of papers published
on filamentous hydrogels has increased rapidly. It was shown
that control of network properties is possible by tuning filament
concentration, media pH,"*™* bundling thickness, cross-linker
density,">*° salt concentration,”® light,”" temperature,”>** or the
presence of enzymes.>**> In most cases, however, only qualitative
relations between single filament properties, filament concentration,
network morphology, and rheological response were obtained.

In addition, most theories of soft matter elasticity assume
that the deformation of gel networks is affine.">'®**° The affine
deformation theories implicitly assume that the deformations of
the network are distributed uniformly throughout the sample, and
thus the strain is homogeneous at all length scales. However,
recent experimental**>*! and theoretical**** work suggests that
the mechanics of loosely crosslinked filament networks may be
dominated by non-affine deformation modes. The elasticity in
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This allows for a precise control of the elastic behaviour of these networks.

this regime is governed by bending of the filaments, and
depends strongly on the filament length.?* At higher concentra-
tions, the deformation is more affine and the elasticity originates
from stretching of the thermally induced fiber fluctuations. In
this regime the elasticity is predicted to become independent of
filament length. Unfortunately, so far, experimental results to
support these numerical studies of the length dependence of the
network elasticity are still missing due to lack of monodisperse
fiber systems.

Furthermore, the elastic behavior of filament networks depends
non-trivially on the amount of bundling and cross-linking."***3*
Cross-linkers can align filaments into bundles and they can cross-
link filaments or bundles into networks. Bundling increases the
effective stiffness of the filaments, which enhances the modulus,
but bundling also increases the effective mesh size of the network,
which decreases the modulus. Therefore, finding the optimal
amount of cross-linker is crucially important for controlling the
gel strength.

The aim of the present paper is to study experimentally the
effects of filament length and crosslink density on the mechanical
properties of filamentous networks. To do this, we use a unique
model hydrogel consisting of monodisperse self-assembled nano-
fibers, first reported by Carnall et al*® This system is based on
small peptide-derived building blocks that form a mixture of
macrocycles of different sizes (Fig. 1a). Spontaneous fiber growth
does not readily occur in this mixture, because most of the building
blocks are present in stable, non-assembling trimeric and tetra-
meric macrocycles. However, upon adding seeds of preformed

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic illustration of: (a) a small dynamic combinatorial mixture of macrocycles made from dithiol building block 1; (b) assembly of hexamer
macrocycles into single fibers; (c) long fibers form a hydrogel network by entanglements; (d) triblock copolymer PSPMA,5—-PEO,30—PSPMA,s, used as

crosslinker; (e) hydrogel network formed by fibers and triblock copolymers.
leading to a stronger gel.

hexameric fiber fragments, the composition shifts almost completely
to the hexameric form, leading to the formation of fibers
with controllable lengths and low polydispersities (Fig. 1b).*”
The polydispersity index (PDI) obtained with this kinetically
controlled nucleation and growth mechanism was as low as
1.04, which is much lower than that of thermodynamically
controlled supramolecular polymers (PDI = 2).*® This makes
this system uniquely suited to investigate the length dependence
of network elasticity, and to test the theoretical scaling predic-
tions. Furthermore, we show how the properties of the hydrogels
can be tuned by the addition of cross-linkers and salt. As cross-
linker, we use a triblock copolymer consisting of a neutral,
hydrophilic PEG spacer flanked by two negatively charged blocks
(Fig. 1d). The anionic blocks can adsorb onto the positively
charged fibers. This may lead to the formation of looped conforma-
tions of the polymer around the peptide fibers, align fibers into
bundles, or cross-link fibers or bundles into networks, and is
therefore expected to have a large effect on the morphology and
the rheological properties of the hydrogel (Fig. 1e). We investigate
the relation between these effects using rheology, cryo-TEM, AFM,
and zeta-potential measurements, and compare our findings to
theoretical models for filamentous networks.'>#3>

2 Experimental

Materials

The peptide building block, 1 with (>95% purity) was obtained
from Cambridge Peptides (Birmingham, UK). Double distilled
water was used in all experiments. Boric acid and potassium
hydroxide, utilized for the preparation of buffers and pH
adjustment were obtained from Acros Organics and Merck

This journal is © The Royal Society of Chemistry 2016

The triblock copolymers link the fibres together due to ionic interaction,

Chemicals, respectively. Acetonitrile (UPLC-S/LC-MS grade)
and trifluoroacetic acid were purchased from Biosolve BV.

Fiber formation from building block 1

Peptide building block 1 was dissolved in 50 mM potassium
borate buffer to a final concentration of 3.8 mM. The pH of the
resulting solution was adjusted to 7.8 by addition of small
amounts of 2.0 M KOH solution. The monomer solution was
then oxidized up to 70% using a freshly prepared solution of
sodium perborate (40 mM, pH 7.8) giving a mixture of mono-
mer, trimer and tetramer. This mixture was then seeded with a
pre-formed hexamer 14 (which had been continuously stirred at
1200 rpm) in 20 mol% (mol% was calculated as equivalents of 1
in the hexamer relative to equivalents of 1 in the solution). All
solutions were contained in HPLC vials tightly closed with
Teflon-lined snap caps. The mixtures were stirred at 1200 rpm
using a Teflon coated magnetic stirrer bar (5 x 2 mm, obtained
from VWR), on an IKA RCT basic magnetic stir-plate. To monitor
the conversion to the hexamer form, 2 pL was diluted with
198 pL of water and 10.0 pL of this sample was analyzed using
ultra performance liquid chromatography (UPLC) and liquid
chromatography-mass spectrometry (UPLC-MS).

UPLC analyses were performed on a Waters Acquity H-class
machine equipped with diode array UV/Vis detector. UPLC-MS
analyses were performed on a Xevo G2 UPLC/TOF with ESI
ionization, manufactured by Waters. All analyses were performed at
35 °C using a reversed-phase UPLC column (Phenomenex Aeris
Peptide, 2.1 x 150 mm; 1.7 um). UV absorbance was monitored
at 254 nm. Positive-ion mass spectra were acquired using electro-
spray ionization; injection volume 10 pL of freshly aliquoted

sample; column temperature 35 °C; flow rate 0.3 mL min "

Soft Matter, 2016, 12, 432-440 | 433
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The eluents, acetonitrile (B) and water (A) contained 0.1% of
TFA. The mixtures components were eluted with a gradient as
shown in detail in Table S1 and Fig. S1 in the ESL}

Synthesis, purification, and characterization of
triblock copolymers

The triblock copolymer PSPMA-PEO-PSPMA was synthesized
by atom transfer radical polymerization (ATRP).*® We followed
the protocol of Lemmers et al.*° for the synthesis of a negatively
charged triblock based on functionalized PEG. First, a bifunctional
macro-initiator was synthesized by functionalizing the end groups
of a polyethylene glycol (PEG) with a number-averaged molar
mass of 10* g mol~". The triblock copolymer was then prepared
by dissolving 14.1 g of 3-sulfopropylmethacrylate potassium salt
(KSPMA) and 10.0 g of the bifunctionalized PEG in 20 mL of a
1:1 mixture of water and dimethylformamide (DMF) at 60 °C.
These amounts were chosen to obtain a degree of polymerization
of about 60 per chain, i.e. 30 functional groups on each end of
the PEG. A second mixture containing the catalysts was prepared
separately. It contained copper(i)chloride (at the same molar
concentration as the bifunctionalized PEG), copper(u)chloride
(two-fold molar excess) and 2,2-bipyridyl (7.5 molar excess) in
10 mL of the 1:1 water/DMF solvent. The ATRP catalyst mixture
was added to the solution of bifunctional PEG and KSPMA to
start the polymerization. The reaction was performed under
nitrogen atmosphere and it was quenched after about four hours
by bubbling oxygen through the mixture.

The resulting mixture was purified by dialysis againsta 1 M
potassium chloride (KCl) solution at pH = 3. Salts of ethylene
diamine tetra acetic acid (EDTA) were added up to a concentration
of 10 mM to bind the copper ions. The next dialysis step was
against 0.1 M KCI at pH = 3 and 10 mM EDTA. Subsequently,
several purification steps were done against pure water. Finally, the
triblock copolymer was obtained by overnight freeze-drying.

The final product was dissolved in deuterium oxide to determine
the structure by 1H-NMR on a Bruker Avance III 400 MHz nuclear
magnetic resonance (NMR) spectrometer. The measured 1H-NMR
spectrum of the triblock copolymer is shown in Fig. S2 (ESI{) and is
qualitatively identical to the one reported by Lemmers et al.*® We
determine the degree of polymerization (DP) from the integrals of
characteristic peaks as described previously*® (see ESIt), and
find a total degree of polymerization of 50, corresponding to on
average 25 sulfopropylmethacrylate groups per block. Hence we
end up with a triblock with a neutral mid-block and two
negatively charged end-blocks: PSPMA,;-PEO,;,-PSPMA,5.

Preparation of fiber/polymer mixtures

Mixtures of fiber and polymer were prepared in a vessel by adding a
desired amount of a concentrated stock solution of the triblock
copolymer to the fiber suspension. The mixture was then gently
stirred with the pipette tip to homogenize the polymer distribution
in the solution whilst minimizing breakage of the fibers.

Rheological measurements

Rheological measurements were performed using a TA Discovery
HR-3 hybrid rheometer equipped with a 8 mm plate-plate
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geometry and 1 mm plate separation. The temperature was
kept constant at T'= 25 °C using a Peltier element. The sample
was prepared and loaded directly into the rheometer, and it was
covered with tetradecane to prevent the evaporation of water.
We started with an oscillation measurement at a fixed angular
frequency () of 1 rad s~ and at a strain (7) of 1% to follow the
development of the storage and loss modulus in time. When
the storage modulus (G’') and loss modulus (G”) reached a
constant value, a frequency sweep measurement with an angular
frequency between 0.01 and 100 rad s~ was performed at the
same strain mentioned above. Directly after this, amplitude
sweeps with a strain range between 0.1 and 200% were carried
out at an angular frequency range between 0.1 and 5 rad s™*, to
probe the non-linear response.

Atomic force microscopy (AFM)

We diluted a stock solution (3.8 mM) 500 times with the same
buffer and then dropped 10 pL of sample onto a clean hydro-
philic silica wafer and left it for 5 minutes. The wafer was then
washed with 500 pL of Mili-Q H,O to remove salts. Finally, the
wafer was dried by evaporating for about 10 minutes. We used a
Nanoscope V in Scan Asyst™ imaging mode and non-conductive
silicon nitride probes (Veeco, NY, USA) to analyze the dry
samples. The spring constant of the probes was 0.32 N m ™.
Images were recorded at frequencies between 0.5 and 1.2 Hz
and analyzed with NanoScope analysis 1.20 software (Veeco,
Instruments Inc. 2010, USA).

Cryo-electron microscopy (Cryo-TEM) and negative staining
transmission electron microscopy

Cryo-electron microscopy: a small drop of sample was placed
on a Quantifoil 3.5/1 holey carbon-coated grid, purchased
from Quantifoil Micro Tools GmbH. The sample vitrification
procedure was carried out using an automated vitrification robot
(FEI Vitrobot™ Mark III). The grids were observed in a FEI Tecnai
20, G2 Polara cryo-electron microscope equipped with a LaBg
filament operating at 300 kV and the images were recorded using
a 2k x 2k Gatan CCD camera under low-dose conditions with a
slow scan CCD camera.

Negative staining transmission electron microscopy: a small
drop (5 pL) of sample was deposited on a 400 mesh copper grid
covered with a thin carbon film (Agar Scientific). After 30 s, the
droplet was blotted on filter paper. The sample was then
stained twice (4 uL each time) with a solution of 2% uranyl
acetate deposited on the grid and blotted on the filter paper
after 30 s each time. The grids were observed in a Philips
CM120 Cryo-TEM operating at 120 kV. Images were recorded on
a slow scan CCD camera.

Zeta potential and scattering intensity measurements

Zeta potentials and scattering intensity were measured using a
Malvern Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern,
UK) fitted with a production standard 532 nm, 50 mW diode
laser source. The instrument measures the scattering intensity
and the fiber mobility is measured using a built-in Mach-Zender
interferometer.** ™ The stock solution was diluted 500 times

This journal is © The Royal Society of Chemistry 2016
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and presented to the instrument in a closed capillary, immersed
completely in a temperature controlled block holder thereby
avoiding intrinsic thermal gradients. In the presence of an
alternating electric field, if the target fiber has a non-zero average
surface charge it will, ignoring any rotational effects, start to
move toward either the anode or cathode, depending on the
overall fiber charge and field direction. In good approximation,
the relation between the surface zeta potential ({) and the drift
velocity of the fiber (v) is given by { = ¢E/(vy), where ¢ is the
electrolyte relative permittivity, E the electric field strength, and 5
the solvent viscosity.**

3 Results and discussions
Effects of fiber length on the gel properties

We previously reported that control over fiber length could be
exerted by mechanical and chemical means to produce highly
uniform and sufficiently stable seeds, from which well-defined
materials can then be grown.’” Here, we seeded the peptide
solution at a concentration of 3.8 mM (corresponding to a 1,
volume fraction of 7 x 107°, ESI{) with a solution of highly
monodisperse preformed hexamers. UPLC analysis of the samples
indicates the formation of more than 95% hexamer 1, within a
week.>” The solution was either kept stirring at different stirring
speeds to mechanically control the nanofiber lengths, or allowed
to stand in order to have uninterrupted growth of nanofibers.
We followed the development of the gel network directly using
cryo-TEM and show a representative image of the uninterruptedly
grown sample after a month in Fig. 2a. In the cryo-TEM image,
fibers appear as dark gray lines in a light gray background. Gel
networks are formed either by entanglements or interactions
between fibers. In order to obtain the thickness of the individual
fibers, we performed negative staining electron microscopy
experiments at a low concentration. Fig. 2b shows a representative
image, from which we estimate the fiber diameter to be about
5-10 nm.

To probe the stiffness of a single fiber, we dilute the sample
100 times and measure the persistence length of a single fiber
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Fig. 2 (a) Cryo-TEM image of the hexamer 1¢ after one month, showing the
hydrogel network structure. Concentration of 1 was 3.8 mM. (b) Negative
staining electron microscopy image of the same fibers after diluting 100 times.
The image shows individual fibers. Inset: —In(cos(6;)) obtained by fitting splines
to the fiber contours in a dilute fiber suspension as a function of arc length. The
persistence length is obtained from the slope of a linear fit.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Soft Matter

directly from cryo-TEM images. The persistence length can be
obtained as the length scale over which correlations in the
direction of the tangent are lost, (cos(0)) = e~ “~*)""*, Here 0 is
the angle between two tangent vectors at positions L; and L;
along the fiber contour, and the angular brackets indicate the
average over all positions and fiber conformations.*” The contour
of the individual fiber is fitted using the splines method. These
contour fits allow us to achieve the orientation correlation function
and plot —In{cos(0;)) as a function of arc length in the insert of
Fig. 2. From this, we obtain a value for the persistence length Ly of
1.5 pm, comparable to values obtained for actin filaments with the
a diameter of 7 nm'>'®'%*%* gimilar to that of our fibers.

To control the fiber length, we grew fibers under different
mechanical agitation modes such as stirring with a rotating
magnetic bar at speeds of 1200 rpm, 200 rpm, and no agitation.
The weight average length (L,,) and number average length (L)
of the fibers were measured directly from cryo-TEM images
after diluting the stock suspension 100 times. We list the
number average length at different stirring speeds in Table 1.
The polydispersity index PDI = L,/L,, is about 1.25 in all
samples.’” In general, L, decreases with increasing stirring
speed as a result of shear-induced fiber break-up. At a given
stirring speed, L,, does not depend on the waiting time. However,
in the absence of agitation, L,, gradually increases and reaches a
steady value after a month.

The fibers will form an entangled network if the concen-
tration is higher than the entanglement concentration, or,
equivalently, if the average fiber length is above the entangle-
ment length L.. In our experiment L. ~ 135 nm (ESI{). This
implies that, in all cases, L, is larger than L, indicating that our
hydrogels are in the entangled regime. We measure the moduli
of the entangled networks using a rheometer. The resulting
frequency sweeps for different fiber lengths are shown in
Fig. 3a. In all cases, up to @ = 10 rad s, the storage modulus
(G') dominates the loss modulus (G”), and both moduli are
nearly frequency independent. This frequency independence is
also observed for other filamentous polymer gels'® and is due
to the very long disentanglement time in such systems, which
falls outside the measured frequency range. To compare the gel
strength of the different samples more quantitatively, we list
the values of the storage modulus (G;') and loss modulus (G,")
at an angular frequency @ = 1 rad s~ ' in Table 1. We find that
both G;’ and G,” increase significantly with an increase of L,:
as the average length of the fibers increases from 465 nm to
2000 nm, there is a gradual increase in the moduli by a factor of
about 50 for G," and by a factor of about 20 for G,”. In addition,

Table 1 Number average length L, storage modulus G;’ and loss modulus
Gy at w = 1 rad s~ for different samples

Sample L, (nm) G, (Pa) G," (Pa)
Stirring at 1200 rpm 465 12 4
Stirring at 200 rpm 745 38 10
No agitation for 1 week 1500 320 65
No agitation for 1 month 2000 636 98
No agitation for 3 months 2000 640 96

Soft Matter, 2016, 12, 432-440 | 435
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(a) Frequency sweep: storage modulus (solid symbols) and loss modulus (open symbols) at y = 1% as a function of angular frequency with different

fiber lengths. Squares: L, = 465 nm; circles: L, = 745 nm; triangles: L, = 1500 nm; diamonds: L, = 2000 nm. All samples show a storage modulus that is
larger than the loss modulus, indicating that the fibers form a gel. (b) Length dependence of the elastic modulus: G, as a function of L, for sample
without cross-linker (black squares) and sample with ry = 0.03 (gray circles). Both samples show Gy’ o L2,

for the stirred samples, we see almost no variation of both G,’
and G,” of the system after a week. By contrast, for the sample
in the absence of mechanical agitation, when waiting longer,
both G," and G," keep increasing and reach a steady value after
a month. Probably, the shear-induced break-up of fibers in the
agitated samples increases the number of growing ends and
thereby speeds up the fiber growth.

We tested if, in this experiment, L,, is the only parameter to
control the viscoelastic moduli of the gels. We took the fully
grown samples in the absence of agitation and then stirred to
break the fibers. Indeed, at the same stirring speed, we achieved
the same moduli as when the sample had grown under stirring.
This implies that the viscoelastic moduli of the final product do
not depend on the growth mechanism and that the moduli only
depend on the average fiber length.

As shown in Fig. 3b, the modulus increases approximately
quadratically with the fiber length L, (at the same weight
concentration of fibers). This length dependence was predicted
numerically by Broedersz et al.®* for fibers in the non-affine
deformation regime, where elasticity is dominated by bending
modes. As the length of the fibers increases, bending costs
more energy due to the increasing number of entanglements
per fiber that hinder bending. This leads to an increase in
modulus. For L, » L., a transition to the affine deformation
regime would be expected, where the modulus becomes inde-
pendent of length, but even for the longest fibers (L,/Le ~ 15),
we see no evidence for such a transition.

Effects of cross-linker on the gel properties

Here, we used a triblock copolymer with two negatively charged
end blocks as a cross-linker. Because the fibers have a net
positive charge, the anionic blocks bind to the fibers by ionic
bonds, while the flexible middle block acts as a spacer. In this
experiment we fixed the fiber volume fraction of 7 x 10> and
the average fiber length L, = 745 nm by keeping a constant
stirring speed of 200 rpm and varied the molar ratios of triblock
copolymer to peptide (ry) from 0 to 0.095. We measured the
viscoelastic moduli by performing a frequency sweep and

436 | Soft Matter, 2016, 12, 432-440

showed G,’ as a function of ry in Fig. 4a. The data shows a
non-monotonic dependence of G’ on ry. It reveals two distinct
regimes; in the first regime, as we increase r; from 0 to 0.03, G’
increases significantly from 38 Pa to 228 Pa. By contrast, in the
second regime, when ry is larger than 0.03, adding more
triblock copolymer weakens the gel again. Note that at a very
high molar ratio, the modulus is even lower than in the absence
of triblock copolymer. We repeated this experiment with a
shorter fiber of L, = 465 nm and show the result in the same
graph. Although the absolute values are about 3 times smaller
for these fibers than for the longer ones, the behavior of the
moduli is very similar. In both experiments we find the maxima
of the elastic moduli at ry; close to 0.03.

To obtain more insight into the effect of adding triblock
copolymer to the system, we measured the zeta potential ({) of
fibers and the scattering intensity (I). { is the electrostatic
potential at the hydrodynamic slip plane of the fibers which
is determined by their net charge and by the ionic strength. We
plot { and I as a function of r (bottom axis) in Fig. 4b. We find
that the zeta potential decreases more or less linearly from
{ =50 mV to { = —30 mV as ry increases from 0 to 0.06. This
indicates that the negatively charged blocks of the triblock
indeed bind to to the positively charged fibers. From a linear
fit, we find that the iso-electric point (where { = 0 mV) is
approximately at ny ~ 0.035, which is very close to the molar
ratio where the moduli have a maximum. At this molar ratio,
the positive charge on the fibers is just compensated by the
negative charge of the adsorbed triblock copolymer. We estimated
the corresponding charge ratio in the mixture (reparge) Of cross-
linker to fiber assuming that a triblock copolymer molecule has
56 negative charges and a 1, has 6 positive charges and show the
results in Fig. 4b (top axis). We found that the iso-electric point is
not at Teparge = 1, but at repage ~ 0.3, suggesting that the lysine
groups on the peptide are not fully protonated at pH = 7.8. We
present the moduli as a function of { in Fig. 4c. Obviously, the
modulus goes through a sharp maximum around the iso-electric
point. In contrast to {, I increases monotonically with cross-
linker addition (Fig. 3b), slowly at first, but more strongly as the

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Effect of cross-linker: (a) storage modulus G, vs. the molar ratio of triblock copolymer to peptide ry with L, = 465 nm (solid squares) and
L, =745 nm (open circles). (b) Zeta potential { (solid squares) and scattering intensity / (open circles) as a function of ry (bottom axis) and the charge ratio
I'charge (top axis). The iso-electric point, { = 0 mV, is approximately at ry = 0.035 and rcparge ~ 0.3. () G’ vs. { shows that the elastic modulus has a
maximum when { approaches the iso-electric point. (d) Persistence length Lp as a function of molar ratio ry.

iso-electric point is approached, indicating the formation of
bundles or aggregates. The scattering intensity increases even
more strongly when the polymer is present in excess and the
fibers becomes negatively charged. This indicates that the origin
of fiber aggregation and bundling is not the reduction of the
electrostatic repulsion between fibers due to charge neutraliza-
tion. Most likely, the triblock copolymer acts as a crosslinker, by
adsorbing with its two end blocks onto different fibers. At very
high polymer concentrations, the aggregation becomes so strong
that the fiber aggregates can no longer contribute to the elastic
modulus.

To directly visualize the structure of the fibers in the
presence of cross-linkers, we used AFM. Three representative
AFM images are shown in Fig. 5. In these images, fibers appear

as bright lines in a dark background. Fig. 5a represents a
sample without any triblock copolymer. Fig. 5b and c represent
a sample with triblock copolymer at a molar ratio of 0.03 and
0.095, respectively. While the first image shows a homogeneous
distribution of single fibers, the second image shows more
networks and fiber bundling. The final image shows very few
single fibers, but many aggregates. This is in good agreement
with the light scattering data. We should keep in mind that the
samples were dried before AFM analysis and therefore it cannot
be excluded that the observed bundles and aggregation are
partly due to the drying procedure. Nevertheless, together with
the observed increase in I we are confident to conclude that the
addition of cross-linkers leads to fiber association, into bundles
and at higher concentrations into aggregates.

12.0 nm

-12.0 nm

Fig. 5 Network morphology: AFM images of the sample: (a) without any cross-linker, (b) with ry = 0.03, and (c) ry = 0.095. The scale bars are 1000 nm.
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Formation of bundles is expected to lead to an increase of
the average persistence length. We confirm this by measuring
the persistence length of fibers while increasing the molar ratio
rv. Indeed, Lp increases, more or less linearly, with increasing
ru (Fig. 4d). This increase of the persistence length gives rise to
an increase of the elastic modulus of the systems.">™*®

Non-linear elasticity and gel recovery

We investigated the non-linear elasticity of the hydrogel by
performing strain-controlled oscillations with increasing strain
amplitude from 0.1% to 200% at an angular frequency range
between 0.1 and 5 rad s '. Although, due to limitations in
sample quantity, we employed a small parallel plate geometry
in which the strain is not constant throughout the sample, we
here report the variations of the moduli with increasing strain
amplitude to qualitatively assess the nonlinear regime. We
show the results in Fig. 6a-c. In all samples there is a linear
regime at low strain amplitudes, followed by strain softening at
large strain amplitudes. There is no strain hardening at any
frequency. This similarity indicates that although adding cross-
linker enhances the elasticity, it does not change the origin of
the elasticity of the networks.

We also investigated the recovery of the gels after shear-induced
yielding and disentanglement. First, we apply an oscillatory shear
with an amplitude of 200% at an angular frequency of 1 rad s™*,
which leads to the yielding of the gel, as evidenced by a strong
decrease of the moduli. Then, we monitor the recovery by oscillating

50 r
a —=— o = brad/s
40+ —e— o= 1rad/s
- —a— = 0.1rad/s
© 30
o
(5 20
10
0
0.1 1 10 100
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600 T .
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8 400+ g
9-'/ 300
O 200
100
0 . . :
1 10 100
v (%)
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at an amplitude of 1%. We observe that, for all samples, G’
recovers partially within 30 minutes, to about 50 percent of the
initial modulus (Fig. 5d). Probably, the large deformations lead
to both disentanglement and breakage of the fibers. Upon
recovery, new entanglements can form, but broken fibers can
not heal within this time scale, explaining why only part of the
modulus recovers. Interestingly, in subsequent cycles, the gel
does recover almost completely within a few minutes after
yielding, indicating that no further fiber breakage occurs.

Effect of salt

Since our fibers are charged, we expect the modulus to be
affected by electrostatic interactions. Moreover, we have argued
that the effect of the triblock copolymers on the fiber gels is due
to ionic bonds between the peptides and the oppositely charged
blocks of the polymer. If this is true, we must be able to tune
the gel strength by varying the salt concentration, because salt
screens the electrostatic interactions. We investigated this by
adding potassium chloride salt (KCI) to a fiber network without
any cross-linker and to a cross-linked fiber network at the
optimal molar ratio, ry; = 0.03. We measure the elastic modulus
as a function of the total salt concentration (cs) and show the
results in Fig. 7. Note that, in this experiment, the modulus of
the gel network without cross-linker is higher than that of the
gel network with cross-linker, because this gel network is
formed by long fibers (Z,, = 2000 nm), while the other is formed
by shorter fibers (L, = 465 nm). For both samples, we find that

600 : :
b —=— o = 5rad/s
500 —+— o= 1rad/s []
o —4— o= 0.1rad/s
© 400+ 1
o
> 300 ]
200 + 1
100 + J
0 L : " : o
1 10 100
v (%)
800 ,\d L =745nm 1
—_— — Ln =2000 nm
o — Ln =2000 nm, r= 0.03
o
— 400} K“'
o '
200+ d
O . , ) ) L
0 30 60 90 120

time (min)

Fig. 6 Non-linear elasticity and gel recovery: elastic moduli as a function of the strain amplitude at angular frequencies between 0.1 and 5 rad s~* of the
systems: (a) L, = 745 nm, (b) L, = 2000 nm, (c) and L, = 2000 nm and ry = 0.03. (d) Gel recovery; storage and loss moduli as a function of time after
removal of the large shear strain of 200% (d). 4 cycles of recovery of the hydrogel after the shear deformation being removed. Except for the first cycle, all

cycles show a full recovery of the hydrogel.
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Fig. 7 Effect of salt: Gy’ vs. (cs) for sample with L, = 2000 nm and without
cross-linker (black squares) and sample with L, = 465 nm and ry = 0.03
(gray circles).

the modulus decreases systematically with adding salt. This
suggests that the addition of salt reduces the stiffness of the
fibers, probably due to screening of the electrostatic repulsion
between the lysine groups, which makes it easier for the fibers
to bend. In the sample with crosslinker, the decrease appears to
be more pronounced. This is probably caused by screening of
the electrostatic interaction between the sulfate groups on the
polymer and the lysine groups on the fibers, which reduces the
binding strength of the crosslinker.

4 Conclusions

In summary, we have investigated the length dependence of the
elasticity of a fiber network by using well-defined fibers with con-
trolled length. Our experimental results are in good agreement with
recent theoretical predictions that showed a quadratic increase of
the elastic modulus with fiber length in the non-affine deformation
regime. We also demonstrated that it was possible to enhance the
gel strength by adding triblock copolymers with charged end blocks
that interact with the oppositely charged fibers. We found that the
modulus has an optimum at the iso-electric point where the negative
charges of the triblock copolymer balance the positive charges on the
fibers. We show that the increase of the modulus at low amounts of
crosslinker is due to bundle formation, leading to an increase of the
effective persistence length, while the decrease at large amounts of
crosslinker is due to aggregation. Finally, we show that salt lowers
the modulus, not only because it weakens the interactions between
the triblock copolymer and the fibers, but also because it enhances
the intrinsic flexibility of the peptide fibers. Our results thus show
how the mechanical properties of fibrous hydrogels can be tuned
precisely by varying fiber length and crosslink density. Such control
is important for future applications of these hydrogels, for example
in biomedical applications.
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