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ABSTRACT: We investigate the effect of stretching on the
secondary structure of cross-linked poly(L-lysine)/hyaluronic
acid (PLL/HA) multilayers. We show that stretching these
films induces changes in the secondary structure of PLL
chains. Our results suggest that not only a- but also 3,y-helices
might form in the film under stretching. Such 3,-helices have
never been observed for PLL so far. These changes of the

Stretched state € > 0%

Non-stretched state € = 0%

secondary structure of PLL are reversible, i.e., when returning to the nonstretched state one recovers the initial film structure.
Using molecular dynamics simulations of chains composed of 20 L-lysine residues (PLL20), we find that these chains never adopt
a helical conformation in water. In contrast, when the end-to-end distance of the chains is restrained to values smaller than the
mean end-to-end distance of free chains, a distance domain rarely explored by the free chains, helical conformations become
accessible. Moreover, the formation of not only a- but also 3,,-helices is predicted by the simulations. These results suggest that
the change of the end-to-end distance of PLL chains in the stretched film is at the origin of the helix formation.

KEYWORDS: polyelectrolyte multilayers, mechanoresponsive materials, circular dichroism, molecular dynamics, secondary structure

B INTRODUCTION

The role of mechanical forces in biological processes and their
interplay with chemistry have emerged recently as an important
issue and constitute now a major field of research. Cells, for
example, sense continuously the mechanical properties of their
environment."”” The mechanisms involved consist of applying
forces onto their surrounding extracellular matrix or onto their
neighboring cells. These forces are then transduced into
chemical responses through various physicochemical processes,
one of them being based on stretch-induced protein conforma-
tional changes.” Such a strategy has inspired our group, leading
us to design original materials that transduce a mechanical
signal into a chemical response.”® This new branch in the field
of mechanochemistry based on conformational changes can be
called “Soft-Mechanochemistry”. In contrast with the current
mechanochemical developments based on modifying chemical
bonds by stretching forces,’ soft-mechanochemistry is based on
mechanically induced chemical processes relying on conforma-
tional changes of macromolecules or of macromolecular films.
Because conformational changes are usually in the 1—10 kcal
mol™' range compared to 50—100 kcal.mol™ for covalent
bonds,” the energies required in soft-mechanochemistry to
induce chemical processes are by far much smaller than what is
required in “conventional” mechanochemistry. Moreover, one
can expect that the processes onto which soft-mechanochem-
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istry is based are at least partially reversible. There already exist
several examples of soft-mechanochemistry processes such as
the stretch-induced modulation of enzymatic reactions™ or the
reversible tuning of the torsion angle of amphiphilic chiral
molecules at the air/water interface by application of a
mechanical force at a molecular monolayer.”

According to several theoretical predictions, a coil-to-helix
transition can be induced by stretching macromolecules which
are close to the spontaneous coil-to-helix transition. This
transition appears to be driven by enthalpy with a loss of
entropy.””'” Such helical transition induced by a mechanical
stress was demonstrated experimentally by AFM force
spectroscopy on DNA'’ and by Courty et al. on a gelatin
network."* These authors showed that optical rotation increases
with deformation of the gelatin network due to the transition of
denatured chains to the natural left-handed helical state. To the
best of our knowledge, this is the only reported macroscopic
system where stretching induces helical structures.
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Scheme 1. Schematic Representation of the Cross-Linked Multilayer Film (PLL/HA) Adsorbed onto a PDMS (poly(dimethyl

siloxane) Substrate”

Non-stretched state € = 0%

Stretched state € > 0%

“The longitudinal stretching of the (PLL/HA)@PDMS material leads to a mechanical stress imposed to both polymers, PLL and HA. Their

conformational behaviors are monitored through CD measurements.

Polyelectrolyte multilayer (PEM) films represent an ideal
tool to functionalize surfaces.'”~>° These films are obtained by
the alternate delposition of polyanions and polycations on a
solid substrate.”’ They are based on electrostatic interactions
between the polyanions and the polycations and can be easily
prepared on all kind of substrates with a large variety of
polyanion/polycation pairs. Among these polyelectrolytes,
poly(amino acids) are well suited when focusing on
biocompatible coatings. In this context, poly(L-lysine) (PLL)
has been widely used.”” PLL is a cationic poly(amino acid)
known to undergo a reversible transition of conformation
between random coil and helix when the pH changes.”»”*
Polyelectrolyte multilayers containing PLL thus appear at first
sight as promising candidates for studying systems undergoing
a stretch-induced coil-to-helix transition. The goal of this article
is to address this issue (Scheme 1). This experimental study will
be complemented by molecular dynamics simulations in order
to gain some insight into the experimental results.

For these experiments, we will use multilayers built with PLL
and hyaluronic acid (HA), which can reach thicknesses of
several micrometers after 20 deposition steps. They behave as a
viscous liquid,”™*” but chemical cross-linking between PLL
and HA chains allows for providing elastic and nonbreakable
films.” As main experimental tool, we will use circular dichroism
to follow the secondary structure of the multilayer.

B EXPERIMENTAL SECTION

Materials. Poly(L-lysine) hydrobromide (PLL, Mw = 52 000) was
purchased from Alamanda Polymers (Huntsville, USA) and hyaluronic
acid (HA, Mw = 132 000) from Lifecore Biomedical (Chaska, USA).
Poly(ethylenimine) (PEI, Mw = 750 000), poly(L-lysine)-fluorescein
isothiocyanate (PLL-FITC) (Mw = 15000—30000), tris-
(hydroxymethyl)aminomethane (Tris), sodium chloride (NaCl), and
the coupling agents N-(3-(dimethylamino)propyl)-N’-ethylcarbodii-
mide hydrochloride (EDC, > 98%) and N-hydroxysulfosuccinimide
sodium salt (sulfo-NHS, > 98%) were obtained from Sigma-Aldrich
(Saint-Quentin Fallavier, France). Poly(dimethylsiloxane) (PDMS)
sheets of 254 um thickness (Specialty Manufacturing Inc., Saginaw,
USA) were chosen as substrates for the construction of PEM films.

Buildup of PEM Films. PEM films were built with an automated
dipping robot (Riegler & Kirstein GmbH, Berlin, Germany) on the
silicone sheets. They were previously cleaned with ethanol and then
extensively rinsed with water. The polyelectrolytes used for the
construction of the multilayers were dissolved in a 0.15 M NaCl
solution prepared with deionized water (22.5 uS) and used at a
concentration of 1 mgmL™". Silicone substrates were first dipped in
the PEI solution (polycation) for 4 min followed by two rinsing steps
of S min each in a NaCl (0.15 M) solution. This first step was
performed in order to form an anchoring layer on the silicone
substrates. The PLL/HA architecture was then obtained by dipping
the silicone substrates in a HA solution (polyanion) for 4 min followed
by two rinsing steps of S min each in the NaCl (0.15M) solution. The

PLL polycations were then deposited in the same manner. The
buildup process was pursued by the alternated deposition of HA and
PLL. In this study, the actual formulation of the films is PEI/HA/
(PLL/HA),;, but for the sake of simplicity the (PLL/HA), notation
(with n = 23) will be used in the manuscript.

Cross-Linking of the PLL/HA Films by EDC-Sulfo-NHS. Cross-
linking was performed by immersing the PEM films in a solution
containing EDC (20 mM) and Sulfo-NHS (50 mM) in NaCl (0.15 M)
during 15 h at 4 °C. At the end of this step, the films were rinsed 4
times with a NaCl (0.15 M) solution. Then a buffer solution (NaCl
0.15 M/Tris 10 mM, pH 7.4) was used for the last rinsing step. The
films were stored in this buffer at 4 °C.

Stretching Device. The homemade stretching device used for the
experiments was composed of two jaws made of stainless steel allowing
to tighten the films and to stretch them manually in a uniaxial
direction.® The stretching rate (or strain) ¢ has been defined by the
relation & = 100 X (L — Ly)/L, (in %) where L, and L represent
respectively the lengths in the nonstretched and in the stretched states.
The experiments were performed at room temperature in the presence
of buffer solution (NaCl 0.15 M/Tris 10 mM, pH 7.4) to avoid the
drying of the films.

Circular Dichroism. Circular dichroism (CD) spectra were
recorded using a Jasco J-810 spectropolarimeter with a data pitch of
1 nm on the light wavelength. CD spectra are obtained by shining the
polarized light beam perpendicularly through the silicone sheet
covered by the PLL/HA film. The CD spectra show the ellipticity
expressed as an angle as a function of the wavelength. Liquid samples
were inserted in a quartz cell of path length 1 mm. Solutions were
maintained at adequate temperatures using a Peltier apparatus (Jasco-
PTC-423S) with an accuracy of 0.2 °C. Nonstretched and stretched
PEM films were stored in the buffer solution (NaCl 0.15M/Tris 10
mM, pH 7.4) between two measurements and great care was taken to
maintain them in a hydrated state.

Confocal Laser Scanning Microscopy. Observations were
carried out with a Zeiss LSM 710 microscope (Heidelberg, Germany)
using a 20X objective (Zeiss, Plan Apochromat). Before performing
the measurements, non-cross-linked and cross-linked (PLL/HA),;
films were loaded with PLL-FITC to visualize the thickness and
homogeneity of the polyelectrolytes within the multilayers. To this
end, 100 uL of a PLL-FITC solution at a concentration of 0.5
mg.mL™" (in a NaCl 0.15 M solution) were deposited on top of PEM
films incubated for 10 min before rinsing two times with 200 uL of
NaCl 0.15 M solution for 10 min each. The films were then placed
into the stretching device, hydrated with the buffer solution and
observed in the nonstretched state and in a stretched state (¢ = 80%).
FITC fluorescence was detected after excitation at 4 = 488 nm with an
argon laser and a cutoff dichroic mirror of 488 nm and an emission
band-pass filter of 505—530 nm (green emission). The mobility of
polyelectrolyte chains within the films was qualitatively determined by
photobleaching experiments (FRAP, Fluorescence Recovery After
Photobleaching).*® A circular region of interest (10.6 ym in radius) in
the image (256 X 256 pixels, 84.9 ym X 84.9 um) was bleached with
the laser set at its maximum power. Then, the recovery of the
fluorescence in the bleached area was observed at different postbleach
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Figure 1. CD spectra of PLL (52 000 Da) solution (0.5 mg.mL™") in NaCl (0.15 M) at different pH and temperatures: (A) pH 7.4 at 25 °C, (B) pH
11.6 at 25 °C, and (C) pH 11.6 at 65 °C. CD spectra of HA (132000 Da) solution (0.5 mg mL™") in NaCl (0.15 M) at different pH and
temperatures: (D) pH 7.4 at 25 °C, (E) pH 11.6 at 25 °C, and (F) pH 11.6 at 65 °C.

times ranging from 0.7 s up to 150 s. The images were analyzed by
means with the “Image]” software.”’

Molecular Dynamics (MD) Simulations. The systems were
simulated by classical molecular dynamics (MD) using the AMBER.14
GPU software® in which the potential energy U is empirically
described by a sum of bond, angle and dihedral deformation energies
and pairwise additive 1—6—12 (electrostatic + van der Waals)
interactions between nonbonded atoms.

U= Y k(r—n)+ Y k(0 -6+

bonds angles
2 2 V(1 + cos(ng = 7))
dihedrals n
6 12
94, RS R*
+ Z — 28,.}. 21 + & =
i<j Rij Rij Rij

Bond and angle deformations are represented using a harmonic
potential with force constants k, and kg, respectively, and either an
equilibrium distance r, or an equilibrium angle 6, The dihedral
deformation energy is described using a torsional potential where V is
the barrier height divided by 2, n the periodicity of the torsional barrier
and y the phase shift angle of the torsional function. Pairwise
electrostatic interactions are obtained via Coulomb’s law where g; and
g; are the atomic charges centered on atom i and j, respectively,
whereas R; is the distance between these atoms. van der Waals
interactions are calculated using a pairwise 6—12 Lennard-Jones
potential where R;* corresponds to the distance at which this potential
reaches its minimum.

The simulated systems are composed of a 20-residue poly(L-lysine)
chain (PLL20) and about 7500 water molecules. 20% of the PLL20
side chains were deprotonated; additionally the system was neutralized
by adding 16 CI™ ions. Force-field parameters for the PLL20 were
taken from the AMBER ff14SB force field which has been optimized to
improve the accuracy of protein side-chains and backbone parameters
compared to previous AMBER force-fields,®*> whereas those for CI~
are taken from the work of Cheatham et al.>*** The TIP3P model was
used for water.”® Cross terms in van der Waals interactions were
constructed using the Lorentz—Berthelot rules. 1—4 van der Waals and
1—4 electrostatic interactions were scaled by a factor of 2. The MD
simulations were performed at 300 K starting with random velocities.
The temperature was monitored by coupling the system to a thermal
bath using the Berendsen algorithm with a relaxation time of 1 ps. A
time step of 2 fs was used to integrate the equations of motion via the
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Verlet leapfrog algorithm. Some simulations were performed
restraining the end-to-end distance between both terminal Ca atoms
of the PLL20. The values of the end-to-end distance to which the
system was restrained ranges from 2 to 4 nm by steps of 0.4 nm. The
restraint was applied using a parabolic potential with a force constant k
of 1 X 10* kcal mol™' nm™. The trajectories were analyzed using the
cpptraj software.” Snapshots along the trajectory were taken using the
VMD software.”’

B RESULTS AND DISCUSSION

Poly(i-lysine) is a polypeptide whose secondary structures in
aqueous solution are known to vary with pH. As previously
specified, under acidic and neutral conditions PLL adopts a
random coil conformation and undergoes a coil-to-helix
transition under basic conditions. At pH 11.6, it is fully in an
a-helix conformation.””** The spectra of PLL solutions at pH
7.4 and pH 11.6 at room temperature were used as references
of Circular Dichroism (CD) spectra of PLL in the random coil
and a-helix conformations, respectively (Figure 1). A unique
negative minimum at 202 nm is observable at pH 7.4 and is
characteristic of a random coil conformation (Figure 1A). One
can also mention the left-handed trans PolyProline II (Py)
conformation, which is rather observed for PLL at low
temperatures,”” distinguished by the absence of internal
hydrogen bonding and with a spectrum characterized by a
strong negative minimum at 195 nm and a shallow positive
maximum near 213 nm.*® In our case, the negative minimum
rather appears at 202 nm, which is characteristic of a random
coil conformation as suggested above. Thus, the Py structure
was ignored in our interpretations even if one cannot fully
exclude a contribution of it. The a-helix conformation obtained
at pH 11.6 is easily recognizable by a positive band at about 195
nm and two negative minima centered, in solution, at 210 and
222 nm (Figure 1B). As described in the literature, PLL in
aqueous solution at pH 11.6 and heated to 65 °C exhibits a
spectrum corresponding to a f-sheet conformation with a
positive maximum at about 202 nm and a broad negative
minimum at 217 nm (Figure 1C).*******! We also determined
the CD spectra of the polyanion (HA), at pH 7.4 at room
temperature (Figure 1D), at pH 11.6 at room temperature
(Figure 1E) and at pH 11.6 at 65 °C (Figure 1F). No
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significant changes are observed between these conditions and
all the spectra correspond to unordered conformations of HA
chains.

Then, we built (PLL/HA),; multilayer films onto silicone
substrates. Because PLL/HA films behave as a viscous liquid,
we cross-linked them through EDC-NHS chemistry.'® This
cross-link step is intended to allow the transmission of the
forces generated by stretching the silicone sheet to the PLL and
HA chains constituting the film without inducing crack
formation.” Using FRAP experiments on films containing
PLL-FITC, we observe that the recovery of fluorescence in the
bleached area is significant after 150 s in the case of a non-
cross-linked film whereas no recovery of fluorescence is
observed in the cross-linked film (Figure S1A, B). This
indicates that all PLL-FITC chains and most probably all PLL
chains are cross-linked within the PLL/HA matrix. As a
consequence, most of the PLL chains in the film should be
affected by stretching.

Non-cross-linked and cross-linked films stored in a buffer
solution (NaCl 0.15 M/Tris 10 mM, pH 7.4) at room
temperature were also compared by CD analysis in the
nonstretched state in order to check the influence of cross-
link on the chain conformations. Typical CD spectra of
nonstretched PLL/HA films are given in Figure S2 and we can
observe that cross-linking the film does not affect its CD
spectrum. Indeed, the spectra of nonstretched PLL/HA films,
cross-linked or not, are close to the spectrum of PLL in solution
at pH 7.4 which corresponds to a random coil conformation
with a minimum centered at 202 nm. There is no sign of the
presence of two negative minima at 210 and 222 nm, indicating
that the polyelectrolyte chains do not adopt any helix
conformation. There is also no sign of a f-sheet structure
because of the absence of a minimum at 217 nm. In summary, it
appears that cross-linking does not affect the secondary
structure of the films and is expected to allow transmission of
mechanical forces to the chains. Therefore, we used only cross-
linked films in the following.

Next, knowing that PLL adopts an a-helix conformation as
unique folding at pH 11.6 in solution, some cross-linked (PLL/
HA),; films built onto PDMS at pH 7.4 were immersed into a
basic solution (NaCl 0.15 M/Tris 10 mM, pH 11.6) at room
temperature for 2 h. CD measurements in the nonstretched
state were carried out to observe the helicity of PLL chains
inside the films. Interestingly, the resulting spectrum (Figure 2)
is different from the typical one measured with pure PLL in
solution at pH 11.6 (Figure 1). As displayed in Figure S6a, we
could never obtain a good fit of this spectrum by a linear

50
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3 0
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2
O 50
s
w
-100
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200 210 220 230 240
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Figure 2. CD spectra of a cross-linked (PLL/HA),; film in the
nonstretched state (¢ = 0%) at pH 7.4 (green) and pH 11.6 (red).
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combination of the spectra relative to HA and the different
secondary structures of PLL observed in solution (whereas
combining the random coil conformation of PLL in solution at
pH 7.4 with the conformation of HA fits well with the CD
spectrum of a nonstretched, cross-linked PLL/HA film at pH
7.4 (Figure S6b)). The spectrum relative to a cross-linked PLL/
HA film at pH 11.6 is rather close to the spectrum relative to
another helical conformation well-known in proteins and called
31¢-helix. Actually, the two minima at 210 and 222 nm have the
same intensity in the case of the a-helix whereas the minimum
at 222 nm is less intense for the 3,y-helix.*” This right-handed
helical structure is the third principal structure occurring in
globular proteins and is more tightly bound than the a-
helix."*** Indeed, the intramolecular C=0---H—N hydrogen
bonding schemes are significantly different in the two helices,
being of the i+3 — i type with 10 atoms in the ring in the 3 -
helix (the amino group of residue i+3 forms a hydrogen bond
with the carbonyl group of residue i), whereas it is of the i+4 —
i type with 13 atoms in the ring in the a-helix. This observation
indicates that the helicity of PLL at pH 11.6 is different in the
cross-linked film than in solution. This may be due to the
presence of HA chains in the film that may influence the
resulting CD spectra of PLL. Another possibility might be that
cross-linking induces constraints that may also influence helicity
of PLL chains (see further discussion in Simulation section).
The cross-linked PLL/HA films were then stretched at
various degrees ranging from & = 20% up to & = 80%. It must be
noticed that each spectrum was taken from a freshly prepared
film. The spectra were monitored about 10 min after stretching
but no changes were noticed when keeping the films in the
stretched state for 24 h showing that the PLL chains reach very
quickly a stable structure after stretching. For the strains of 20
and 40%, two types of behavior were observed. At € = 20%, we
observe spectra (Figure 3B) close to those of nonstretched
films even if the minimum shifts slightly toward higher
wavelengths (typically 204—206 instead of 202 nm). There
are other films stretched at 20% with spectra clearly different
from the nonstretched ones (Figure 3C), showing two minima,
one centered at about 209 nm and a second, weaker minimum
centered between 220 and 225 nm. When stretching the films
to &€ = 40%, the two behaviors continue to be observed (Figure
3D, E) but for the films presenting spectra with two minima,
the intensity of the second minimum at 220—225 nm becomes
shallower and transforms into a shoulder (Figure 3E). From a
qualitative point of view we can assume that the spectra of films
with two minima centered at 209 and 220—225 nm correspond
to the formation of helices under mild stretching. When
reaching strains of &€ = 60% (Figure 3F) and & = 80% (Figure
3G) only a single group of spectra is observed for both values of
€ showing a single minimum band centered at about 207 nm
and a shoulder located at about 220—225 nm. These spectra
closely resemble those corresponding to nonstretched cross-
linked films at pH 11.6 that are similar to spectra of 3, -helices.
This seems to indicate that stretching a film at pH 7.4 above &
= 60% induces structural changes which can eventually be
attributed to 3,y-helices. The bivalent behavior of the films at
20 and 40% stretching might come from the fact that at low
stretching degrees the system is very sensitive to different
parameters such as the temperature or the degree of humidity
in the experimental device during CD measurement or the
precise stretching rate that cannot be controlled with a high
degree of accuracy due to technical difficulties. Above 40%, the
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Figure 3. Representative CD spectra of (PLL/HA),; films for different
strain values: £ = (A) 0,(B, C) 20,(D, E) 40, (F) 60, and (G) 80%.

stretching is always sufficient to ensure structural transition of
PLL.

To further highlight the evolution of PLL conformation into
the cross-linked (PLL/HA),; films observed in CD spectra
shown in Figure 3, we analyzed all these spectra in the
wavelength bracket 200—240 nm, where shape changes are
expected if a transition from the random coil conformation to
helices occurs. To this end, we determined the moments of
first, second, and third order of A from which we derived the
average and the skewness (for details, see Supporting
Information). Figure 4 shows the skewness, y;, of the spectrum
as a function of the weighted average of 4, (1), within the
above-mentioned interval for all spectra that have been
recorded in the present study. As can be observed, the
representative data points tend to follow a unique curve.
Nonstretched systems correspond to small values of (1) and ¥,
ranging from 1.5 to 2.5. For a given strain, the data points
group into domains distributed along this curve in a fairly
regular manner: as the strain increases, < A> increses and ¥,
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Figure 4. Skewness of the CD spectra as a function of the weighted
average of the wavelength within the domain 200—240 nm. Several
spectra are available for a given strain &: 0% (black dots), 20% (red
triangles down), 40% (green squares), 60% (yellow diamonds), and
80% (blue triangles up). The dashed line serves merely to guide the
eye. Three nonstretched (PLL/HA),; films at pH 11.6 are represented
by black crosses.

decreases. This indicates a continuous evolution of the film
secondary structure with strain. However, it should also be
observed that for low strain, the data points are scattered over
large (A) and y; domains which shows that there is a high
variability in the secondary structure of these films as already
suggested above in the comment to Figures 3B, C. It is also
worth noting that the data points, corresponding to non-
stretched films at pH 11.6 where PLL is known to adopt an
helical conformation, fall into the high-strain region of the films
at pH 7.4 (Figure 4).

After having demonstrated that stretching induces structural
changes, expected to be the formation of helices in (PLL/
HA),; films, the reversibility of the structural change will now
be addressed. Cross-linked (PLL/HA),; films prepared in
buffer solution (NaCl 0.15 M/Tris 10 mM, pH 7.4) were kept
stretched at € = 20, 40, 60 or 80% during 10 min. Then, all
films were brought back to &€ = 0% and spectra were recorded
20 min later. Figure 5 shows a typical example corresponding to

50

Ellipticity (mdeg)
o

&
S
T

200 210 220 230 240
A (nm)

Figure S. CD spectra of a cross-linked (PLL/HA),; film in the
nonstretched state (¢ = 0%) (green) and brought back to the
nonstretched state after stretching at & = 80% (red).

a film brought back to the nonstretched state after stretching at
80%. The spectrum clearly indicates that the films recover their
initial structure with a unique minimum at about 202 nm
corresponding to a random coil conformation of the PLL. The
same observation was done for films stretched at £ = 20, 40,
and 60%, and brought back to & = 0% (Figure S3). The stretch-
induced structural transition of the cross-linked PLL/HA films
appears thus fully reversible in a few minutes.
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Figure 6. Snapshots of conformations along PLL20: (A) coil conformation, (B) a-helix (purple strand), and (C) 3,y-helix (blue strand section).

To gain more insight into these experimental results, we
performed a molecular dynamics (MD) study. In particular, our
goal was to relate the evolution of the conformational behavior
of PLL as a function of the end-to-end distance of the polymer
chain. Experimentally, stretching the material should change the
end-to-end distance distribution of the PLL chains. In
particular, the end-to-end distances do not only increase
along the stretching axis but they should also decrease along the
perpendicular axes to preserve the volume of the sample. A PLL
chain constituted of 20 L-lysine residues, noted PLL20, was
selected as simple model for our simulations. The MD
simulations were performed in water with 20% of lysine
residues charged along the polymer and chloride ions as
counteranions of PLL20 to ensure the electrostatic neutrality of
the system. First, we performed simulations with a noncon-
strained PLL20 (ie., the end-to-end distance from the a—
carbon of the first lysine residue to the a—carbon of the last
lysine residue can vary freely). The distance fluctuates between
roughly 1.5 and 6 nm with an average value of 4.5 + 0.8 nm
(Figure S4A). It must however be noticed that most of the free-
chain configurations correspond to end-to-end distances larger
than 4.0 nm (76%). Yet, preliminary simulations showed that
above 4.0 nm the PLL20 chains cannot adopt helical
conformations because the PLL20 backbone is too elongated.
Thus, we performed simulations of constrained systems where
the end-to-end distance was fixed at successive values ranging
from 2 up to 4 nm. This is also justified by the fact that
experimentally smaller distances will become accessible while
stretching (and not only larger ones). All the simulations were
followed over 0.5 to 1 us. Analysis of the secondary structures
along the PLL20 as a function of time (Figure S4B) shows the
absence of structure for the nonconstrained systems whereas as
soon as the end-to-end distance (dpjy) of the PLL20 chain
becomes constrained to distances below 4.0 nm, the chains
adopt transiently helical conformations (Figure SSA—F).
Interestingly, not only the a-type helices is observed but also
3jo-helices were obtained. As example, snapshots of three
typical observed conformations are given in Figure 6. Figure 7
shows the evolution of the helical content of the PLL20 chains
as a function of the end-to-end distance for different
simulations. A maximum of helicity was observed for an end-
to-end distance of about 3.6 nm with the presence of a-helices
and 3;q-helices.

Although the simulations were performed on small PLL
chains (20 amino acids) they can guide a possible explanation

3,o-helix

0 1 a 1 0 1 O 1 1
20 25 30 35 40

Relative amount of residues (%)

Constrained end-to-end distance (nm)

Figure 7. Helical content of the PLL20 chains as a function of the end-
to-end distance as predicted by molecular dynamics simulations.

of our experimental findings, namely the appearance of helical
configurations and in particular of 3y-helices when stretching
the cross-linked PLL/HA film. In summary, MD shows that in
the nonconstrained state (free chains) the PLL20 chains do not
adopt helical structures whereas when the end-to-end distance
is fixed to values smaller than 4.0 nm, the chains adopt helix
conformations. The absence of helicity for free PLL20 chains
can be explained by the fact that configurations corresponding
to end-to-end distances smaller than 4.0 nm are rare for free
chains. In addition, even for configurations with small end-to-
end distances, helical conformations represent only a small
proportion of all conformations.

FRAP experiments have shown that cross-linking is
equivalent to freeze the chains within the film (Figure S1)
with a given end-to-end distance distribution. However, CD
measurements further prove that this distribution does not
induce the coil-to-helix transition. While stretching, the end-to-
end distances do not only increase along the stretching axis but
they should also decrease along the perpendicular axes. Now,
our simulations show that helices appear in chains constrained
to end-to-end distances smaller than the most frequent
distances in free chains. This suggests that experimentally the
distance reduction associated with stretching may cause the
formation of helical conformations and in particular of 3,y
helices, never observed in solution. Finally it must be kept in
mind that the simulations do not take the presence of HA
chains into account. Now, stretching the film might also change
the PLL-HA interaction which, in turn, could lead to such 3,,-
helix formation. Taking into account the contribution of HA in
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MD simulations will require a high cost of calculation and thus
this will be the purpose of a future study.

B CONCLUSION

In summary, we have shown that stretching cross-linked PLL/
HA films induces the formation of helices of the PLL chains.
Our results suggest but do not prove that not only a- but also
310helices form in the film under stretching. Such 3, y-helices
have never been observed for PLL so far. The stretch-induced
helix formation process is reversible, i.e. while returning to the
nonstretched state one recovers the initial film structure. Using
molecular dynamics simulations of PLL chains, we find that the
unconstrained PLL20 chain never adopt a helical conformation.
In contrast, when fixing the end-to-end distance of the PLL20
chain to distances smaller than the mean end-to-end distance of
the free chain, a distance domain rarely explored by the free
chain, helical conformations become accessible. Moreover, not
only a- but also 3-helices are predicted by the simulations.
These results suggest that the change of the end-to-end
distance of PLL chains in the stretched film is at the origin of
the helix formation.

Stretch-induced conformational changes in films constitute
the basic process on which relies soft mechanochemistry. This
study represents an important step toward the development of
mechanocatalytic substrates where the catalytic activity of
proteins or artificial enzymes embedded in the film can be
controlled mechanically. Systems based on soft-mechanochem-
istry should find applications in catalysis where they offer the
possibility of a mechanical control of the reaction kinetics. They
should also be of interest in the biomedical field to design new
types of biomaterials releasing drugs under mechanical forces
applied by natural processes like vasodilatation or muscle
contraction.
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