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ABSTRACT: Polyisocyanotripeptides (TriPIC) are biomimetic
polymers which consist of a f-helical backbone stabilized by
hydrogen bonds between amide groups. Their oligoethylene glycol
side chains give aqueous TriPIC solutions a thermoresponsive
behavior: at 50 °C the solution becomes a hydrogel. In this paper
we study the molecular structure and water dynamics of TriPIC
aqueous solutions while undergoing gelation using FT-IR spectros-
copy and polarization-resolved femtosecond infrared spectroscopy
(fs-IR). We find evidence that the oligoethylene glycol side chains
trap part of the water molecules upon gel formation, and we
propose that the interaction between the oligoethylene glycol side
chains and water plays an essential role in the bundling of the
polymers and thus in the formation of a hydrogel.

B INTRODUCTION

Many biological gels consist of polymers that assemble in
helical structures, which give them stiffness and stability."”
These biological hydrogels often show a special mechanical
responsiveness that plays an essential role in cellular
processes.”’™> It is interesting to mimic biological hydrogels
with gels based on synthetic polymers, as these synthetic gels
will find many applications.”” Rowan and co-workers
developed a biomimetic hydrogel, based on polyisocyanopep-
tides (PICs), that not only possesses a similar mechanical
responsiveness as many biological gels but also shows
thermoresponsive behavior.”

PICs consist of a helical backbone that is responsible for the
gel stiffness and that can be chemically modified to add a
targeted functionality to the polymer. PICs adopt a 4, f-helical
conformation (four repeating units per turn). This con-
formation is stabilized by a p-sheet-like hydrogen-bond
network between the amide groups of monomers n and n +
4.”'° The stiff, helical backbone of the TriPIC polymer chain
contains three adjacent alanine groups (see Figure 1) and is
stabilized by two parallel hydrogen-bonding arrays between the
amide groups, which provide the polymer with thermal
stability. In a previous study using FT-IR, we showed that
the amide group closest to the helical backbone is inaccessible
to the water solvent."’

When the polyisocyanopeptides are grafted with ethylene
glycol side chains, they exhibit a thermoresponsive behavior
that causes the polymer to form a gel at elevated temper-
atures.”'” These synthetic gels have been shown to form a
network of semiflexible bundles and to mimic biological gels.
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These gels have been studied with several microscopy
techniques, small-angle X-ray scattering, and rheology
measurements. Nevertheless, the molecular mechanism of the
gelation process of PICs remains largely unknown.'*"?

To fully understand the gelation process of PICs and to be
able to design other biomimetic hydrogels, it is essential to
know their spatial conformation and intermolecular inter-
actions. Here we use polarization-resolved femtosecond
infrared spectroscopy to study the dynamics of the water
molecules in TriPIC polymer solutions and how these
dynamics change when the temperature is increased above
the gelation temperature.

B EXPERIMENTAL SECTION

Sample Preparation. TriPIC monomer and polymer
molecules were synthesized according to the protocol given
in ref 11. The monomer and TriPIC polymer solutions for
polarization-resolved femtosecond infrared spectroscopic stud-
ies were prepared by dissolving the monomer or polymer in 4%
D,0 (99.9% D, Cambridge Isotope Laboratories) in H,O
(ultrapure Milli-Q grade) and by stirring the solution for 24 h
at 4 °C. Temperature-dependent pump—probe measurements
were performed by placing the sample inside a sample cell that
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Figure 1. (A) Molecular structure of the TriPIC monomer. (B) Molecular structure of the TriPIC polymer. (C) Cartoon of the f-helical structure
of TriPIC and the hydrogen-bonded network between the amide groups, with the water inaccessible hydrophobic core (in red) and the stabilizing

hydrogen bonds (in gray).

was closed by calcium fluoride windows and by heating this
cell with a Peltier element. After the temperature was set to a
new value, the measurement was started after a stabilization
time of 5 min to allow the sample to adapt to the new
temperature and to form a gel for temperatures above the
gelation temperature (gelation occurs within a few minutes).

Pump—Probe Spectroscopy. We study the reorientation
dynamics of water molecules by pumping and probing the OD
stretch vibration of HDO molecules in monomer and polymer
samples containing isotopically diluted water (obtained by
adding 2% D,0 to H,0). We excite the OD stretch vibration
with an intense laser pulse with a frequency centered around
2500 cm ™. We probe the induced absorption changes using a
second, weaker laser pulse, also centered around 2500 cm™.
The polarization of the probe pulse is either parallel or
perpendicular to that of the pump pulse, and we thus measure
the pump-induced transient absorption changes in both
parallel (Aay(w,t)) and perpendicular (Aa,(w,t)) pump—
probe polarization configurations. After excitation with the
pump pulse the absorption change will be largest when
measured with a probing pulse with a polarization direction
that is parallel to that of the pump because the pump pulse
excites vibrations that have their transition dipole moment
oriented along the polarization direction most efficiently. At
longer delay times between pump and probe pulses, the
difference between the parallel and perpendicular absorption
changes decreases because of the reorientation of the HDO
molecules. From the parallel and perpendicular signals, we
construct the isotropic signal Aay,:
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Aa,, = é(AaH(a), £) + 280 (o, )

This isotropic signal decays with the vibrational relaxation time
and is not affected by reorientational relaxation. After
correcting the measured transient absorption changes for the
contribution of the ingrowing heating 51gnal we can
construct the anisotropy R of the transient absorption signal
associated with the excitation of the OD vibrations:

_ Agy(w, t) — Aay(@, t)
Aa(w, t) + 240 (o, t)

This signal decays because of the reorientation of the HDO
molecules and is independent of the vibrational relaxation. A
detailed description of the experimental setup used for the
experiment is given elsewhere."

B RESULTS AND DISCUSSION

The transient absorption spectra of 40 mg/mL TriPIC
monomer and polymer solutions in isotopically diluted water
are shown in Figure 2. These spectra show the transient
absorption changes of the OD stretch vibration of the HDO
molecules at different time delays. For both solutions, we
observe a bleaching signal near 2500 cm™" at early time delays,
which we assign to bleaching of the ground state and
stimulated emission out of the first excited vibrational state
back to the ground state. With increasing delay time this signal
decays due to vibrational relaxation. The vibrational relaxation
leads to local heating of the sample so that at later delay times
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Figure 2. Isotropic transient absorption changes of the OD stretch
vibration of HDO molecules for solutions of (A) 40 mg/mL
monomer in isotopically diluted water and (B) 40 mg/mL TriPIC
polymer in isotopically diluted water for different picosecond delay
times. The solid lines result from a fit to the model described in the
text.

the signal is formed by the difference between the linear
absorption at an elevated temperature and linear absorption
spectrum at room temperature. To extract the anisotropy of
the signal component corresponding to the excitation of the
OD stretch vibration, we need to correct the transient
absorption signals for the latter thermal effect. To this purpose,
we fit the transient absorption spectra with a kinetic model
describing the vibrational relaxation of the OD stretch
vibration and the ingrowing heating contribution. The results
of this fit are shown as the solid lines in Figure 2.
Concentration Dependence. In Figure 3 we show the
anisotropy decay of the OD stretch vibration of HDO

A 04 B o4
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0.1 0.1
x o :
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20 mg/ml h £ 20 mg/ml
0.02 I 40 mg/ml j| 0.02 I 40 mg/ml
T 60 mg/mi T 60 mg/mi I
0 2 4 6 0 2 4 6
delay (ps) delay (ps)

Figure 3. (A) Anisotropy decay as a function of delay time of
monomer solutions in isotopically diluted water for different
concentrations at room temperature. (B) Anisotropy decay as a
function of delay time of TriPIC polymer solutions in isotopically
diluted water for different concentrations at room temperature. The
solid lines are fits to an exponential function with an offset.

measured for pure isotopically diluted water and for TriPIC
monomer and polymer solutions at different concentrations at
room temperature. For pure isotopically diluted water, we find
that the anisotropy decay can be fitted well with an exponential
function with a (reorientation) time constant of 2.3 ps. For
solutions of TriPIC monomer or polymer, we observe a similar
exponential decay, but also an additional much slower
component. We thus fit the anisotropy decay of the TriPIC
monomer and polymer solutions with an exponential function
and an offset, R = Rye™”™ + Ry,,. We find for all TriPIC
monomer and polymer solutions a reorientation time 7, of 2.4
ps, similar to the reorientation time of neat isotopically diluted
water. This finding indicates that most of the water molecules
in TriPIC monomer and polymer solutions reorient in a similar
manner as in bulk water and that a small fraction of the water
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molecules reorient on a much longer time scale, probably as a
result of their interaction with the TriPIC monomers and
polymers.

In Figure 4 we present the offset R, as a function of solute

concentration ¢, for both the TriPIC monomer and the
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Figure 4. Offset Ry,, of the anisotropy decay as a function of
concentration for the monomer (green) and TriPIC polymer (blue)
and isotopically diluted water (gray) at room temperature. The solid
lines are fits to a linear function.

polymer. It is clearly seen that Ry, is larger for the monomer
than for the polymer below the gelation temperature. The
linear dependence of Ry, on the solute concentration
indicates that the slowly reorienting water hydroxyl groups
are associated with water molecules that are in the direct
vicinity of the solute. Based on earlier studies of the effects of
solutes on the reorientation dynamics of water,'"” these slow
water molecules likely interact with the hydrophobic groups or
the polyethylene glycol tails of the monomer and TriPIC
polymer.

From the slope a of the linear fit (Ryo, = dcipe + ), we
calculate the number of slowly reorienting water molecules
Nyow per monomer molecule (for the monomer solutions) or

repeating unit (for the polymer solutions) by using the
following expression:

N,

aM,
e = —2 X 110.514

0.4
where M,, is the molecular weight of the TriPIC repeating unit
(to change the units from mg/mL to molal), and the factor
110.514 represents the number of moles of hydroxyl groups in
a kilogram of water (for 4% D,O in H,0). The factor of 0.4 in
the denominator is added because this is the maximum value
of the anisotropy parameter if all water hydroxyl groups would
be slow.

We find that at room temperature the monomer slows down
40 + 2 water hydroxyl groups per molecule while the polymer
slows down 21 + 3 water hydroxyl groups per repeating unit.
The difference between the amount of slowly reorienting water
hydroxyl groups between the monomer and polymer can be
explained from the conformation of the polymer. As we
showed in our previous study, for the polymer the inner amide,
amide A, is not accessible for the solvent, meaning that the
water molecules are not interacting with the inner core of the
polymer.11 In contrast, the monomer is completely water
accessible. Interestingly, this difference in solvent accessibility
cannot fully explain the difference of ~20 slowly rotating water
OH groups between the monomer and the polymer. In
previous work it was found that one CH bond slows down the

https://doi.org/10.1021/acs.jpcb.1c03121
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rotation of on average 1.25 water OH groups.16 Upon polymer
formation, eight CH groups become solvent inaccessible,
which is thus expected to lead to a decrease of the number of
slowly reorienting water OH groups by ~10. Recently, Ensing
et al. showed that polyethylene glycol molecules slow down the
reorientation of water molecules not only because of the
interaction of water molecules with the hydrophobic groups,
but also because of the strong interactions of water with the
partially charged polyethylene glycol oxygen atoms.'” In the
polymer the glycol chains of different monomer units are
closely spaced, with the result that the oxygen atoms of and the
hydrophobic parts of the glycol chains are less exposed to
water than in the case of the unbound monomers. As a result,
fewer water molecules are slowed in their reorientation for the
polymer than for the monomer, thus explaining why the
difference in number of slow water hydroxyl groups between
monomer and polymer is larger than expected from only the
exclusion of water from the core of the polymer.
Temperature Dependence. To investigate the role of
water in the gelation process of the TriPIC polymer, we
measure the water reorientation dynamics as a function of
temperature for both the TriPIC monomer and the polymer
solutions. The anisotropic decays are displayed in Figure S. In

A 04p B 04p
0.3 S Monomer 0.3
0.2 0.2
0.1 0.1
x Tasec x Tasec
30°C 30°C
40°C - 40°C
0.02} 1s0°c in 0.02} 750°¢
60°C i Ieo°c
0.01} I70°c 1 0.01} I76°c
14%D,0in H,025°C 14%D,0in H,025°C
0 2 4 6 0 2 4 6

delay (ps) delay (ps)

Figure S. (A) Anisotropy decay as a function of delay time of 40 mg/
mL monomer solutions in isotopically diluted water for different
temperatures. (B) Anisotropy decay as a function of delay time of 40
mg/mL TriPIC polymer solutions in isotopically diluted water for
different temperatures. The solid lines are fits to an exponential
function with an offset.

both cases, the reorientation time becomes faster with
increasing temperature. This decrease in reorientation time is
also observed for pure isotopically diluted water.'® To analyze
the data, we fitted the reorientation time constants measured
for pure isotopically diluted water at different temperatures
with an Arrhenius expression (see the Supporting Informa-
tion). The temperature-dependent reorientation times result-
ing from this fitted Arrhenius expression were then used as the
exponential time constants in fits of the measured anisotropy
decays of the TriPIC monomer and polymer solutions. We
thus fit these anisotropy decays with an exponential function
plus an offset, like we did for the concentration-dependent
measurements at room temperature. The results of these fits
are presented as the solid lines in Figure S.

In Figure 6, we show the offset Ry, as a function of
temperature for both the TriPIC monomer and polymer. For
the monomer, we observe a monotone decrease of Ry, with
increasing temperature. This finding agrees with the dynamics
of water measured for proteins at different temperatures.'’
Previous dielectric relaxation measurements and NMR experi-
ments on small amphiphilic molecules also showed a similar
decrease in slowly reorienting water molecules with increasing
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Figure 6. Offset Ry,, of the anisotropy decay as a function of
temperature for the monomer (green) and TriPIC polymer (blue) at
40 mg/mL. The solid lines are guides to the eye.

temperature.”””" This decrease of the number of slowly

reorienting hydroxyl groups can be explained from the fact that
the hydrogen-bond network becomes more dynamic and less
structured at higher temperatures.”® For the polymer, we
observe a quite different temperature dependence. At temper-
atures below the gelation temperature of 50 °C, Ry,,, increases
with increasing temperature, until a maximum Ry, at 50 °C is
reached after which the offset decreases. The difference in
temperature dependence between the monomer and the
polymer is striking, and the fact that the turning point for
the polymer occurs exactly at the gelation temperature Ty =
50 °C suggests that for the polymer the change in water
dynamics with temperature is directly related to the gelation
process of the TriPIC polymer solution.

It should be noted that the increase in slowly reorienting
water molecules below 50 °C cannot be attributed to an
increase of the solvent accessibility of the core of the polymer
with increasing temperature, as we found that the solvent
accessibility of this core does not change significantly upon
heating of the solution.'' We show FT-IR spectra of the solid
polymer below and above gelation temperature in Figure SI2
to illustrate this point. We see that the amide II band,
dominated by the NH bending vibration, stays present in D,0
solvent, at temperatures of 65 °C, well above the gelation
temperature. We thus attribute the increase of the fraction of
slowly reorienting water hydroxyl groups to the binding of an
increasing number of water molecules to the polyethylene
glycol side chains of different polymers. We propose that the
trapping of water molecules in between the negatively charged
oxygen atoms of polyethylene glycol side chains of different
polymers plays a crucial role in the bundling of the polymers.
In this picture the water molecules act as a glue that binds
polymers together to form bundles and a polymer network,
which ultimately at 50 °C leads to hydrogel formation. With
increasing temperature, the amount of water molecules that act
as a glue builds up, reaching a maximum at T, For TriPIC
monomers, the polyethylene glycol chains are already quite
strongly exposed to water at room temperature, and changing
the temperature does not lead to a significant change of this
interaction.

At temperatures >50 °C the fraction of slow water molecules
is similar for the TriPIC polymer and the monomer. At these
higher temperatures, the amount of slowly reorienting water
molecules decreases with increasing temperature. This
behavior is similar to what we observe for the monomer
over the whole temperature range and has been observed
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before for proteins and amphiphilic molecules.'”~*" Although
the amounts of slowly reorienting water molecules for the
monomer and the polymer are similar at these temperatures,
this does not mean that their hydration would be the same. For
TriPIC polymers, water is excluded from the core, leading to a
smaller number of water molecules that is slowed by the
central part of the molecule, but apparently at temperatures
>50 °C, this lower number is compensated by the water
molecules that are slowed as a result of their trapping between
the polyethylene glycol chains in the polymer bundles,
probably because within these bundles water molecules can
easily bind to two ether oxygen atoms simultaneously, which
leads to a stronger slowing down of their reorientation.'”
Above the gel formation temperature, the amount of water
molecules being tightly bound between the polyethylene glycol
tails does not change further with temperature, and the
reorientation behavior of the water molecules in between and
outside the polymer chains is the same as is observed for other
amphiphilic molecules and polymer systems.'” ™'

The increase of the slow water fraction upon gelation of
TriPIC polymers forms an interesting contrast with the effect
of gelation on the slow water fraction in hyaluronic acid
hydrogels."® For aqueous solutions of hyaluronic acid (which
forms a hydrogel at pH 2.5), we showed that the slow fraction
is in fact decreasing upon gelation. The disparity between the
observations for these two hydrogels can be explained from the
different nature of the interactions that govern the hydrogel
formation. In the case of hyaluronic acid, the network
formation underlying the formation of the hydrogel is the
result of the formation of direct hydrogen bonds between the
carboxylate groups and the amide groups of the hyaluronic acid
molecules, thus not involving water molecules.”> Water
molecules are in fact expelled from the region between the
polymer chains when forming these intermolecular hydrogen
bonds. For TriPIC polymer solutions, the network formation
underlying the hydrogel formation likely relies on the binding
of bridging water molecules in between the polyethylene glycol
chains, thus leading to cross-linking of these chains. As these
water molecules will show a very slow reorientation, TriPIC gel
formation is accompanied by an increase of the slow water
fraction.

The above mechanism of gel formation of the TriPIC
polymers implies that this formation involves counteracting
contributions of the entropy of the water molecules. The
bundling of the polyethylene glycol chains will lead to a
reduction of the configurational space of the water molecules
that remain hydrogen bonded to the glycol chains, which
represents a negative contribution to the water entropy. In
addition, the bundling involves a reduction of the configura-
tional space of the polymer chains themselves and probably
also an increase in enthalpy, as part of the water molecules that
were strongly hydrogen-bonded to the glycol chains in the
solution phase are expelled from the polymer chains upon gel
formation. Apparently, above the gel formation temperature,
these losses in entropy and increase in enthalpy are sufficiently
compensated by the large gain in entropy of the vast majority
of water molecules outside the polymer chains.

B CONCLUSIONS

In summary, we studied the molecular structure and water
reorientation dynamics of TriPIC monomer and polymer
solutions with temperature-dependent polarization-resolved
femtosecond infrared spectroscopy. We find that below the
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gelation temperature TriPIC polymers slow down fewer water
molecules per unit than TriPIC monomers.

With increasing temperature, the fraction of water molecules
that are slowed by the TriPIC polymers increases, opposite to
what is observed for the monomer and for other solute
molecules in water. We explain this increase from the
enhanced binding of water molecules to the polyethylene
glycol side chains. We propose that this enhanced binding may
play a role in the bundling of the polymers, in particular when
the water molecule donates two strong hydrogen bonds to two
negatively charged oxygen atoms of polyethylene glycol side
chains that belong to different polymers. The water molecules
thus likely act as a glue that binds the polymers together,
leading to an extended polymer network and thereby to the
formation of a hydrogel.

At the gelation temperature of 50 °C, the number of trapped
water molecules saturates. When the temperature is increased
above the gelation temperature, the temperature dependence
of the number of slowed-down water molecules becomes
normal; that is, the number of slow water molecules decreases
with increasing temperature, similar as is observed for solutions
of TriPIC monomers.
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