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Mechanical responsiveness is essential to all biological systems
down to the level of tissues and cells"*. The intra- and extracellular
mechanics of such systems are governed by a series of proteins,
such as microtubules, actin, intermediate filaments and collagen®*.
As a general design motif, these proteins self-assemble into helical
structures and superstructures that differ in diameter and persist-
ence length to cover the full mechanical spectrum’. Gels of cyto-
skeletal proteins display particular mechanical responses (stress
stiffening) that until now have been absent in synthetic polymeric
and low-molar-mass gels. Here we present synthetic gels that
mimic in nearly all aspects gels prepared from intermediate fila-
ments. They are prepared from polyisocyanopeptides®” grafted
with oligo(ethylene glycol) side chains. These responsive polymers
possess a stiff and helical architecture, and show a tunable thermal
transition where the chains bundle together to generate transpa-
rent gels at extremely low concentrations. Using characterization
techniques operating at different length scales (for example, mac-
roscopic rheology, atomic force microscopy and molecular force

spectroscopy) combined with an appropriate theoretical network
model®'°, we establish the hierarchical relationship between the
bulk mechanical properties and the single-molecule parameters.
Our results show that to develop artificial cytoskeletal or extracel-
lular matrix mimics, the essential design parameters are not only
the molecular stiffness, but also the extent of bundling. In contrast
to the peptidic materials, our polyisocyanide polymers are readily
modified, giving a starting point for functional biomimetic hydro-
gels with potentially a wide variety of applications''™*, in particu-
lar in the biomedical field.

The artificial gels are based on polyisocyanopeptides (PICs), com-
posed of a B-helical architecture stabilized by a peptidic hydrogen-
bond network along the polymer backbone®. Polymers P1-P3 were
obtained through a nickel(1r)-catalysed polymerization of di-, tri- and
tetraethylene glycol functionalized isocyano-(D)-alanyl-(L)-alanines
1-3 (Fig. 1)"°. Variation of the catalyst to monomer ratio allowed us
to tune the molecular weights of the polymers (see Supplementary
Information). The hydrogen-bonded helical structure of the polymer
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Figure 1| Oligo(ethylene glycol)-substituted PICs. a, Synthesis of the
polymers—the degree of polymerization is estimated from atomic force
microscopy (AFM) experiments. b, Representation of the hydrogen-bond
network (dotted lines) that stabilizes the secondary helical structure for

P2. ¢, Schematic illustration of the 4, B-sheet helix. Colour coding: red, the stiff

Hm

helical polyisocyanide backbone stabilized with the hydrogen-bonded dialanyl
groups; in b and ¢ the backbone is schematically shown as a helix. Blue, the
ethylene glycol peptide substituent ‘tails’, represented in ¢ by blue arrows. Panel
c is from ref. 6, reprinted with permission from AAAS.
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backbone was confirmed by infrared and circular dichroism (Sup-
plementary Fig. 1) spectroscopies. In aqueous solution and in the gel
phase, the secondary structure of the polymer is stable up to about
70 °C as shown with circular dichroism experiments (Supplementary
Figs 2 and 3). The combination of a densely packed helical structure
and the strong intramolecular hydrogen bonds gives stiff polymer
chains that are readily visualized by atomic force microscopy (AFM;
Fig. 2a and Supplementary Fig. 4).

Thermal analysis of dilute aqueous solutions of P2b and P3b
showed the formation of transparent hydrogels on heating at 18 and
44 °C, respectively. Polymers P2a and P3a did not form gels, but pre-
cipitated at these temperatures forming a cloudy suspension, whereas
P1 failed to dissolve in water (we attribute this to a transition tempera-
ture below 0°C). The sol-gel phase transition was very fast (on a
timescale of seconds) and fully reversible (Supplementary Fig. 13).
The structure of the gel was visualized by AFM (Fig. 2b and Supplemen-
tary Fig. 5a-f) and cryo scanning electron microscopy (SEM; Sup-
plementary Fig. 5g). Both techniques showed a network composed of
bundles of polymer chains. The extent of bundling was estimated by
statistical analysis of the AFM images of the bundles and the isolated
polymer chains (Fig. 2¢c). The narrow distributions of relative heights
was used to abstract the bundle number (average number of polymer
chains per bundle) N=69, using the relation N=dj/dj~
h3 /%, in which d;, and dy are the diameters, and hy and hy, the heights,
of isolated chains and bundles, respectively.

We found that the bundle dimensions were constant irrespective of
the polymer concentration. AFM analysis (Supplementary Fig. 6) of
samples at higher concentration shows more rather than thicker bun-
dles, which is also indicated by preliminary single-particle tracking
studies of gels of P2b that show nanoparticle diffusion coefficients that
strongly scale with concentration (Supplementary Fig. 7). The latter
confirms that at higher concentrations more bundles (and hence smal-
ler pores, which result in restricted particle displacement) are formed.
This self-limiting behaviour of bundle formation is thought to be
related to the chiral nature (that is, the helicity) and the intrinsic
stiffness of the polymer molecules'®. As a consequence of the fixed
bundle size, the average pore size in the gel is directly controlled by
the polymer concentration. Chain bundling is commonly observed
for cytoskeletal polymers and the bundle properties (dimensions,
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Figure 2 | AFM analysis of polymers and gel. a, AFM image of isolated
polymer chains of P2b, spin-coated from an organic solution on mica. Colour
scale here and in b shows height. b, AFM image of a ‘monolayer’ of bundles of
the P2b gel transferred to mica. Occasional non-bundled polymers are visible.
¢, Statistical height histograms of both isolated chains (pink) and bundles
(blue). Both show similarly narrow Gaussian distributions (see fits) with chain
height /iy = 0.46 = 0.13 nm and bundle height by = 1.2 £ 0.2 nm. We note that
the absolute height found by AFM is consistently too low. Considering that the
diameter of the peptidic polymer without the ethylene glycol substituents is
roughly 2 nm, only relative height distributions can be used to estimate the
bundle numbers.
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stiffness) are critical parameters in the mechanical properties of those
gels. For gels based on actin or intermediate filaments, bundling is
controlled by additives, ranging from binding proteins'” to divalent
metal ions'®, whereas bundle formation in the PIC gels is thermally
activated.

The process of thermally induced gel formation is attributed to
hydrophobic effects caused by the ethylene glycol tails grafted onto
the polyisocyanide backbone. Flexible oligo(ethylene glycol) grafted
polymers have been reported to show sharp order-disorder phase
transitions at the lower critical solution temperature (LCST)". Prev-
ious studies have demonstrated a linear relationship between the trans-
ition temperature and the average length of the ethylene glycol tail over
abroad temperature range®’. Heating P2 and P3 results in the entropic
desolvation of the ethylene glycol arms, giving rise to more hydro-
phobic chains that separate from the aqueous solution. Indeed, the low
molar mass polymers P2a and P3a precipitate at the LCST, whereas
longer polymers yield completely transparent gels at the transition, as
the long chains are kinetically trapped in a network structure before
they precipitate. Even at very low concentrations, the gels are able to
support their own weight during vial inversion tests; a sample of P2b
passed the test at concentrations as low as 0.006 wt%, (Supplementary
Fig. 8), which is about an order of magnitude lower in concentration
than many of the well-known synthetic superhydrogelators™".

To learn more about their mechanical properties, the polymer gels
were subjected to a full variable temperature rheological analysis.
Samples were measured in a Couette configuration with small oscil-
latory deformations at different frequencies and amplitudes in the
linear response regime (Supplementary Figs 9 and 10). A broad-range
frequency sweep in the gel phase (Supplementary Fig. 10) corroborates
that the crosslinks formed at the LCST are permanent in nature. Tem-
perature sweeps of P2b and P3b (Fig. 3a and Supplementary Fig. 11)
show, at low temperatures, liquid-like behaviour with a storage modu-
lus G’ lower than the loss modulus G”. The temperature of the sharp
transition that marks gel formation depends on the length of the ethy-
lene glycol tail. It shows little dependence on the polymer concentration
c. At elevated temperatures G’ levels off to a plateau Gy; its absolute
value, however, scales strongly with c. Analysis showed a power-law
behaviour, G, o< ¢" with coefficients 7 of 2.2 and 2.7 for P2b and P3b,
respectively. These experimental values are in line with the theory of
permanently linked semi-flexible networks that display purely entropic
elasticity’ (in which n=11/5), and with other experimental studies
based on cross-linked cytoskeletal proteins like actin'® and intermediate-
filament gels® (with n = 2—2.5), and also with other stiff materials such as
DNA gels (n = 2.3)*.

Unlike many gels of synthetic polymers, biopolymer gels show a
strong, and well-defined, nonlinear stress response after a critical stress
0. has been applied* (stress-stiffening). Although its origins are cur-
rently being debated*****, the effect is well described experimentally**°.
In the nonlinear regime, a small increase in the strain y gives very high
stress levels and often results in the rupture of the gel. To probe this
regime carefully, we used a recently benchmarked pre-stress protocol”
and determined the differential modulus K (the real part of which is
defined as K’ = do/dy) as a function of applied stress o (Fig. 3b). When
scaled to Gyand o (Fig. 3¢) all curves of P2b at different concentrations
and temperatures reduce to a single master curve, displaying the theo-
retically predicted K’ oc 6> dependency®. The PIC-based gels show a
quantitative resemblance to the protein-based biogels, even in the non-
linear regime.

A theoretical model for semi-flexible networks, based on the exten-
sible worm-like chain model*®, has been developed to explain the mech-
anical behaviour of actin® and intermediate-filament-based hydrogels’.
This model considers the network as a collection of thermally fluctua-
ting bundles, with I. as the average length between the crosslinks
between bundles. We have modified the existing network model*® to
quantitatively describe the unusual experimentally observed thermal
behaviour and to account for the fact that the bundle size in our system
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Figure 3 | Rheological analysis of PIC gels. a, Moduli G’ and G as a function
of temperature T for P2b and P3b at ¢ = 1.0 mgml ™. The arrows indicate the
transition temperature, rheologically determined as the onset of the step in G’
atw=6.2rads” ' (f= 1 Hz, Supplementary Fig. 12).b, Differential modulus K’
as a function of stress ¢ for different values of ¢ and T. The model prediction
K’ o ¢°*is shown in b and c. ¢, Data scaled with the plateau modulus G, and
the critical stress o all curves, independent of variations in cand T, collapse to a

is independent of the concentration. The details of the model are given
in the Supplementary Information. Not only does this model describe
our experimental results accurately, it also yields information about the
critical microscopic parameters—such as the persistence length of the
bundles, [, 5, and I.. To extract this information, we apply equations (1)
and (2) to the experimentally determined macroscopic quantities Gy
and o

2

Go =6y —RT l;f (1)
ZP,

oc —RT P (2)

Here, y combines molecular constants, R is the gas constant and T'is the
absolute temperature. Equations (1) and (2) show that G, and o,
depend on N, [, and I (I in turn also depends on concentration).
Rheological measurements in the linear and nonlinear regimes, with ¢
and T as experimental variables, in combination with variable tempera-
ture single molecule force spectroscopy (SMES) measurements, allowed
us to calculate [, g, I and N.

SMFM measurements” provide information on the persistence
length of individual polymer chains, [,,. In these experiments we
determined force-distance curves of dilute polymer samples and sub-
jected the results to the same extensible worm-like chain model that
was applied to analyse the rheological data. Subsequent statistical ana-
lysis of the experimental data provided the average values for [,
(Supplementary Fig. 14). SMFS measurements on P2b, equilibrated
in water, typically yielded modest values for [, (Fig. 3d)*’, which is
attributed to water weakening the hydrogen-bond network along the
polymer backbone (see Supplementary Information). A temperature
sweep between 10 and 60 °C showed an exponential increase of the
persistence length [, o(T) oc efTwith an exponent f§ of 0.041 K.

Temperature, T (K)

Temperature, T (K)

single master curve. d, Single chain persistence length I, , as a function of T of
P2b between 10 and 60 °C measured by SMES, fitted to a single exponential as
shown. e, G" as a function of T for P2b at different concentrations. The dashed
line at T'= 18 °C shows that the onset of the gel temperature is nearly
concentration-independent. f, G, as a function of T and exponential fits to
and f for different concentrations.

Figure 3e shows the plateau modulus Gy (c,T) of P2b as obtained by
bulk rheological temperature sweeps. At all ¢, G, showed an exponen-
tial increase with T (Fig. 3f); for this temperature range, the data were
successfully fitted to Gy (c,T)occ" T e*T with exponents n = 2.2 and
28 =0.073K"". In our system, the only temperature dependent con-
tribution to G is l E(equatlon (1)). The close match of the observed
exponent from SFMS measurements and that from bulk rheology
clearly indicates that the thermally induced increase in Gy is simply
the result of the stiffening of the individual polymer chains. This was
confirmed by independent measurements of o (T) at different con-
centrations, which yielded a similar exponent, f = 0.049K ™' (equa-
tion (2)).

Combining equations (1) and (2) returns [, 5 as a function of N, G,
and G the last two values were experimentally determined by bulk
rheology in the linear and nonlinear regime. By taking N=7, as
obtained from AFM measurements, a value of [, of the order of
hundreds of nanometres for P2b was found, about two orders of
magnitude larger than I,,. This difference can only be rationalized
by considering that the chains in the bundles are strongly interacting,
and behave effectively as a single fibre with the constituent polymer
chains ‘glued’ together. This so-called tight bundle regime is charac-
terized by a square dependence of [, 5 with N: [, 5 =1, (N?; this is in
contrast to the loose bundle regime, which shows a linear relation-
ship®®. Cross-linked biofibres, such as actin, show a transition from the
tight to the loose bundle regime with increasing N. In line with these
results, we also find a square dependence at low bundle numbers. By
establishing the regime in which the bundles interact, we can now
calculate N by the straightforward comparison of the SMFS results
and the (nonlinear) rheology data. Under the standard conditions
(1mgml™", 30°C), we find N= 9.1, which agrees closely with the
value estimated from the AFM measurements. Calculations of N at
different temperatures and concentrations yield very consistent numbers,
further highlighting that, for our materials, the bundle characteristics are
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Table 1 | Comparison of hydrogels based on P2b and on neurofilaments

Characteristic gel property P2b

Neurofilaments®

Bundle diameter, dg 7.5 nm*
Average bundle number, N 9

Persistence lengtht, I, g 460 nm
Deformation regime (Go o c") Entropic (Go x ¢
Got 100-1,000 Pa
High-strain regime
Contour lengtht, /.

2.2)

110nm

Strain stiffening (K’ « o

10nm

4

600 nm
Entropic (Go o ¢
2-20 Pag

Strain stiffening (K’ « o
300 nm

2.5)

3/2) 3/2)

Properties given in the first column were determined at similar concentrations; exceptions are shown by footnotes.

*Calculated based on N and an estimated cross-section of the polymers.
+Determined at 1 mgml ™%

i Temperature range: 30°C<T<60°C.

§Mg?* concentration range: 2 mM < [Mg?*] < 20 mM.

intrinsic polymer properties related to the secondary structure of the
chains. After determination of N, equations (1) and (2) provide the other
unknown quantities: 5 =460nm and [.=110nm (at 1 mgml™,
30 °C); the latter is significantly smaller than lP,B, as would be expected
for a semi-flexible network. The gels of P2b closely resemble those
formed by neurofilaments (a typical class of intermediate filaments),
not only in their mechanical properties, but also in their characteristic
length scales—for example, bundle diameter, pore size and bundle stiff-
ness (Table 1).

The model has now been modified to write G, and o, at given
experimental conditions as a function of the intrinsic (temperature
dependent) single-chain persistence length, the bundle number and
the length between crosslinks (see Supplementary Information):

c
GO(T)ocN3l—3RTl§,O(T) (3)
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Figure 4 | Stiffness of the gel versus stiffness of the constituent polymer.
Main panel: open circles show Gy of P2b as a function of [, o(T) at T = 10-60 °C
and ¢ = 1 mgml™; filled squares show G, values of P2b calculated using
equation (3) (substituting /. for £) at the same temperatures and using N = 9.1.
The coloured lines represent general trends, obtained from equation (3), which
can be used to correlate [, to Gy at a set concentration and given N = 1 - 64.
The dotted line at G, = 1kPa is shown for reference; it shows that 1-kPa gels
can be prepared from a very stiff single polymer chain as well as from much
more flexible, tightly bundled polymers (large N). The inset shows the variation
of the calculated critical stress . with I, 5 (equation (4)), which is independent
of N. The open circles are experimental data points obtained at 7'= 30, 40 and
50 °C. The corresponding calculated points (filled squares) overlap with the
trend lines of N =1 - 64.
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Using equations (3) and (4) as a starting point, we can now speculate
on how these hydrogels could be further engineered. For instance, is it
possible to go even lower in concentration, can we set the pore size of a
hydrogel, or can we generate stiffer gels that mimic the properties of
the other cytoplasmic or extracellular materials?

To this end, we approximated the experimentally poorly accessible /.
(which scales with ¢ as I. o ¢~%%) by the mesh size & (which scales as
¢ oc ¢~ %%, see Supplementary Information) that can be readily calculated
from known molecular parameters, N and ¢ (£ = 140 nm for P2b at
1 mgml™", 30°C). When we further disregard the potential transition
from the tight to the loose bundle regime, we can calculate G, as a
function of the single chain persistence length [,, and N (Fig. 4). The
plot highlights that, even for intrinsically very stiff polymers, bundling is a
prerequisite for good mechanical properties of the gel. Controlling bund-
ling presents a central challenge for molecular chemists, because it allows
tuning of both the gel modulus (Go oc VN3 ) and the pore size (¢ oc VN)
of the gel. This analysis is completely in line with how nature controls the
mechanical properties of cytoskeletal soft materials: taking stiff protein
elements (a variety of elements of different dimensions provide flexibility
in the design) and controlling the amount of bundling by regulating the
concentration of crosslinking proteins or divalent cations.

We have presented a truly artificial mimic of intermediate filaments,
with all their characteristic mechanical properties. The helical poly-
isocyanide polymer plays a crucial role in providing an intrinsically
stiff backbone and controlling the bundling process. However, this
class of materials goes beyond mimicking intermediate-filament bio-
gels, because network characteristics can be readily manipulated
through small modifications in the chemical structure—for instance,
gel transition temperatures can be changed by the length of the ethy-
lene glycol tail and the intrinsic backbone stiffness by the amino acid
sequence®”. Moreover, functional groups can be introduced at the
periphery of the polymer which allows for the incorporation of a wide
variety of (bio-)molecules or cross-linkers in the polymer, mimicking
more closely the natural environment of the cell.

METHODS SUMMARY

Materials. The polymerization of 1-3 was carried out with Ni(ClO,),*2H,0 as
catalyst in toluene. The reaction mixtures were stirred vigorously in a sealed flask
at room temperature for two hours. The solvent was removed and the residue was
precipitated three times from chloroform or tetrahydrofuran in diethyl ether. The
products were routinely characterized with infrared and circular dichroism spec-
troscopies, and AFM. NMR spectroscopy gives broad signals only.

AFM analysis. To visualize individual polymer chains, solutions (~1uM in
CHCI;) were spin-coated on freshly cleaved muscovite mica substrates. Polymer
gels were deposited on the substrate by direct contact transfer. All images were
obtained by tapping mode AFM.

SMEFS. Before analysis, the AFM tip was cleaned meticulously. Polymer samples
(3mM in CH,Cl,) were spin-coated on freshly cleaved muscovite mica. The
substrate was rinsed with MilliQ water to remove non-absorbed polymer. After
morphology and density characterization (tapping mode AFM in air), the SMFS
measurements were conducted in MilliQ water. Owing to the low density on the
surface, less than 1% of approach-retract cycles yielded successful traces.
Rheology. Samples were dissolved with regular vortexing in (cold) demineralized
water at least 24 h before the measurements. Rheological measurements were
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carried out in Couette geometry with heating/cooling rates of 2°Cmin” .

Standard measurements were carried out at 4% strain and at different frequencies
(0.5-5Hz). The data shown in the manuscript was recorded at 1 Hz. For each
sample, this was in the linear response regime. Nonlinear rheology in the gel phase
was carried out at 50 °C after equilibrating for 15 min using a pre-stress protocol.
A detailed description of all techniques and the modified semi-flexible network
model is given in Supplementary Information.
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