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ABSTRACT The quasi-equilibrium evolution of the helical fraction occurring in a biopolymer network (gelatin gel) under an
applied stress has been investigated by observingmodulation in its optical activity. Its variationwith the imposed chain extension is
distinctly nonmonotonic and corresponds to the transition of initially coiled strands to induced left-handed helices. The experi-
mental results are in qualitative agreement with theoretical predictions of helices induced on chain extension. This new effect of
mechanically stimulated helix-coil transition has been studied further as a function of the elastic properties of the polymer network:
crosslink density and network aging.

INTRODUCTION

Biopolymer networks have been widely studied over the

recent years because of their many practical applications in

fields such as food, biomedical, and even photographic indus-

tries. For example, they have been extensively used for cap-

sules, adsorbent padding, tissue regeneration and also as neutral

density filters for optics. More fundamentally, biological net-

works (e.g., cytoskeletons with actin and microtubules) play an

important role in cells by providing a structural framework

which is responsible for the mechanical stability and the

locomotion of the whole cell, as well as intracellular transport

processes (1). Collagen networks form the core structure of

bone, ligaments, and other living tissues. They have suscitated

a high interest for a growing community of researchers at the

interface of physics and biology (2,3).

Biopolymer networks also offer new alternatives to ex-

plore the relationship between the structure and responses at

molecular length-scales. Certain homopolypeptides form

regular a-helices under appropriate conditions. In this case,

the molecular configurations are well understood according

to the Zimm-Braggmodel (4) (and its many subsequentmodi-

fications (5)). This model assumes that each segment along

the polymer chain has access to only two conformational

states, a random-coil state and a helical state, where the partic-

ular residue forms a hydrogen bond with other specific resi-

dues at a certain distance along the backbone. By modifying

the end-to-end distance R of individual chains, the equilib-

rium state between the helical and the random-coil segments

can evolve and a coil-to-helix transition can be induced. To

determine the relationship between the helical state and the

chain end-to-end distance, one needs to control the distance

R and simultaneously measure the helical content. With the

recent development of single-molecule force spectroscopy

(SMFS), it has been possible to measure the forces generated

by biopolymers and their response to applied extension

forces. These experiments can tackle the question of how

chiral biopolymers are held in their native state, and their

pathways of folding and unfolding. Many macromolecules

have been studied using SMFS including biopolymers such

as DNA, xanthan, and dextran (6–8) and synthetic polymers

such as poly(ethylene-glycol) (9). However, although SMFS

has revealed the spectacular force-extension curves, informa-

tion about the structural transitions that occur on extension of

these chains (e.g., the degree of helicity in a single molecule)

is difficult to obtain. Theoretical modeling of the behavior of

single biopolymer molecules on extension has been ham-

pered by this lack of access to direct information on struc-

tural changes and has only been done in specific cases.

In this article, we investigate the internal structure of a

biopolymer network of helix-forming chains, and its re-

sponse to an applied stress, using a new macroscopic ap-

proach combining mechanical and optical methods. We find

a spectacular nonmonotonic relationship between the helical

content and an externally imposed deformation, which trans-

lates to the change in end-to-end distance of network chains.

In particular, we identify the effect of induced helix forma-

tion at a critical strain and further study this new effect as

a function of the elastic properties of the network, using

gelatin (denatured collagen) as a model system.

THEORETICAL BACKGROUND

According to the Zimm-Bragg model, each segment along

a polymer chain has access to only two states: the random

coil-like unbound state, and the helical state (4). The state of

the polymer can therefore be described by the sequence of

these units along the chain, (hhcchcccch. . .), where h stands

for helix and c for coil. If the polymer, or any part of it, is in

the helical state, then its effective length is shortened by

a factor g, which is;0.4 for a typical polypeptide. Since the

hydrogen bonds prevent free rotation, the persistence length

of the helical state is much increased compared to that of the

coil, ;200 nm and ;1.8 nm, respectively (5,10). The num-

ber of available configurations also decreases on helix forma-

tion, and therefore the gain Dh in potential energy per
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monomer by forming hydrogen bonds competes with the

associated loss in entropy Ds. The balance between these two
forces can be expressed in terms of the free energy per

monomer, Df¼Dh – TDs, where T is the temperature. Mono-

mers located at the ends of helical domains suffer a reduction

in entropy but do not form hydrogen bonds. Therefore, mono-

mers on the boundary between a helical and coil domain

have an increased free energy of Dft ¼ – Dh compared to a

monomer in the helical state. The effect of this term is to

suppress domain boundaries; the helix-coil transition in this

model is cooperative. The parameters Df and Dft are usually
expressed in terms of the Zimm-Bragg parameters s and

s (4),

s ¼ expð�bDf Þ; s ¼ expð�2bDftÞ; (1)

where b ¼ 1/(kBT). The factor 2 in Eq. 1 takes into account

the fact that a helical domain has two boundaries with coil

regions. Having identified the microscopic states of a chain,

the average helical fraction of an ensemble of polymers Æxæ
can be determined by the usual statistical mechanics calcula-

tion maximizing the partition function,

Z ¼ +
s1s2 ...sN

e
�bFð½s1s2 ...sN �Þ; (2)

where si is either c or h and the sum is performed over all

possible states of the variables si, i ¼ 1. . .N. The total free

energy F, which depends on (si), is the sum of the monomer

free energies given by Df and Dft. This procedure gives a

higher statistical weight to configurations with a large number

of small domains rather than a small number of large domains;

for a fixed number of helical domains there are more possible

rearrangements that can occur without a change in energy

(provided helix still follows coil and vice versa) for a large

number of small domains.

Recently, Tamashiro and Pincus (11), and Buhot and

Halperin (12) have shown that by imposing an extension on

such a helix-forming chain, which is kept above but close to

the spontaneous helix-coil transition, one can stimulate the

helical state (which corresponds to a natural enthalpy well

Dh) by reducing the randomizing effect of chain entropy

(Ds , 0) due to the stretching of its ends. The problem can

be simplified by neglecting the mixing entropy without chang-

ing the outcome qualitatively, and only slightly quantitatively,

i.e., assuming the helical and coil domains are separated

into two blocks with a fixed interface energy Dft, Fig. 1.
The free energy of the chain in this case is then given by

Fch ¼ xNDf 1 2Dft 1
3ðR� gaNxÞ2
2ð1� xÞNa2 ; (3)

where Df¼ Dh – TDs. 0 and N is the total number of mono-

mers of length a. The first two terms give the free energy of

a helix, with its interface, and they are positive since under

our assumption the chain is above its spontaneous coil-helix

transition. The last term represents the Gaussian entropic free

energy describing the coil fraction with an end-to-end dis-

tance R minus the distance bridged by the helical part of the

chain, with the reduced contour length available to the coil.

Here x 2 (0, 1) is the helical content and g the geometric fac-

tor accounting for the helix length, per monomer. Depending

on parameters, this model predicts that the helical content of

the chain, x(R), may increase on stretching (with or without

a threshold), finding an optimal balance between the two

competing factors increasing the total Fch. Eventually all the

chain is in the a-helix (x ¼ 1) and on further extension, one

would of course force the helix to unwind.

This model of a single helix-forming polypeptide was later

extended to predict the stimulated helix-coil transition oc-

curring in a cross-linked random network of such chains under

external deformation (13). Within a basic network theory,

assuming the affine deformation of random strands through

their endpoints and performing the quenched average over the

network topology, the average helical content (per chain) is

given by

Æxæðl
¼
Þ ¼

Z
dRxðjl

¼
RjÞPðRÞ; (4)

where l¼ is the affine volume-conserving strain tensor and the

quenched probability distribution of finding a network strand

with a given number of monomers N, and end-to-end

distance at formation R is given by P(R) } exp (�Fch(R)/
kBT). In a random network, depending on their orientation,

some strands are extended and some are compressed; the

average helical content Æxæ, however, remains a nonmono-

tonic function of uniaxial extension as long as the chains are

slightly denatured (above but close to their natural helix-coil

transition: Df positive but small). Fig. 2 shows an example of

this model’s predictions for the specific case of uniaxial

extension of the sample by a factor l. It can be seen that the

average helical content in the network increases on uniaxial

extension (as well as on compression, due to incompressi-

bility) and goes through a maximum at a certain l.

EXPERIMENTAL METHODS

We used gelatin networks as a model system. Gelatin gels are good

candidates for such experiments, as their constituting chains are mostly in

the denatured (coil) state and the samples can be stretched with their optical

activity simultaneously measured. Moreover, gelatin gels are well described

in the literature (14) and are by far the most studied functional biopolymer

due to its extensive practical use. The gelatin network is held together by

FIGURE 1 The sketch of the chain with helical and coil fractions, at con-

strained end-to-end distance R.
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effective crosslinks made of right-handed (tertiary) superhelices stabilized

by hydrogen bonds, resulting from the wrapping of three left-handed helical

segments of otherwise denatured collagen chains.

Sample preparation

Gelatin samples were prepared by dissolving gelatin powder (from Sigma,

St. Louis, MO) in ethylene glycol. The main reason for using ethylene glycol

instead of more traditional water is to allow us to conduct experiments over

long periods of time and not worry about solvent evaporation (boiling point

TB � 190�). As we indicate below, there are good reasons to believe that the
intrinsic chain responses are qualitatively the same in ethylene glycol,

although the specific magnitudes of elastic modulus and helix content at any

given temperature may be slightly different. Fig. 3 shows the percentage

change in the mass of gelatin gel in ethylene glycol. As the gel consolidates,

its mass increases initially (presumably due to equilibrium hydration in the

atmosphere) and then shows a weak linear decrease. The rate of this decrease

is slow enough on the timescale of our experiments (typically 30 min) to

have no significant effect on our results.

The sol-gel transitions of water and ethylene glycol (EG) gels have been

investigated using differential scanning calorimetry (DSC), using a Perkin-

Elmer Pyris 1 calorimeter (Boston, MA). The gels, kept in air-tight alumi-

num pans, were heated at a rate of 5�C/min from 20 to 65�C. The melting

point, Tm, of the gel was determined from the peak of the DSC endotherm.

Fig. 4 shows Tm as a function of concentration for water and ethylene glycol

gels, aged at room temperature for one day and six days after the initial

mixing. The melting temperature increases as the gel ages and is ;5�C
higher for ethylene glycol gels, compared to water gels.

Fig. 5 shows that the increase in the transition enthalpy for the whole sam-

ple, DH, with polymer concentration is almost perfectly linear and is roughly

the same for water and ethylene glycol gels aged for one day for con-

centrations below 24% (w/w), and for gels six-days-old below 10% (w/w).

Above this concentration, the enthalpy change is slightly greater for water

gels.

Assuming the increased transition temperatures seen in ethylene glycol

gels are simply due to the greater viscosity of EG (with finite rate of tem-

perature change in the DSC), the density of the crosslinks formed by the gelatin

molecules in water and ethylene glycol gels could be very similar. To determine

the effect of gelatin concentration, stretching experiments were performed

using 12% and 16% (w/w) EG gels.

FIGURE 2 The mean helical fraction of a network stretched by a factor l,

according to Li et al. (7) for N ¼ 100 and bDf ¼ 0.05 (curve a), bDf ¼ 0.1

(curve b, for chains further away from the helix-coil transition).

FIGURE 3 Mass change an ethylene glycol gelatin gel at room tem-

perature in the air. The mass rises initially, then shows a linear decrease at a

slow rate of ;3.3% per day.

FIGURE 4 Melting point, Tm, as a function of concentration, obtained

from DSC, for ethylene glycol (EG) and water gelatin gels aged at room

temperature for 24 h and six days. Respective curves are labeled on the plot.

FIGURE 5 Transition enthalpy, DH, as a function of concentration, ob-

tained from DSC for ethylene glycol (EG) and water gels aged at room tem-

perature for 24 h and six days. Respective curves are labeled on the plot.
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One important point about sample reproducibility has to be made.

Collagen from different sources, as well as samples prepared in different

batches, always differ in their properties. We did not specifically undertake

a task of making all samples uniformly comparable. All reported effects are

qualitatively reproduced; however, small quantitative differences would

always be observed. Naturally, when samples had to be quantitatively com-

pared (such as in aging, or crosslinking density analysis), they were always

prepared from the same batch and at the same time.

The mixture was kept above the gel transition point at 65�C under con-

tinuous stirring to ensure homogeneity and consistent thermo-mechanical

history of each experiment. After cooling down to room temperature each

time, a cross-linked gel sheet of dimension 1.53 73 20 mm was prepared.

The mechanical properties of the gelatin quenched below its gel point have

been investigated using a Dynamic Stress Rheometer (Rheometrics,

Piscataway, NJ). Fig. 6 shows the variation in linear storage modulus, G9,
over 10 days after quenching the 16% EG gel to room temperature. The

modulus rises initially when the elastic network is held together by the triple-

helix crosslinks, reaching a constant value of 1.73 104 Pa after four days. At

this point, we assume the crosslinking is completed (leaving aside delicate

issues of slow drift of collagen toward its natural state, irrelevant on our

timescales). To determine the effect of the variation in G9 on the optical

rotation, stretching experiments were performed one day after the gel was

removed from the mold, when the storage modulus was still rising, and after

six days, when G9 had reached equilibrium; both aging points are marked on

the plot.

Opto-mechanical apparatus

The opto-mechanical experiments have been carried out by combining a

dynamical method for measuring the optical rotation C and a stress-strain

apparatus, Fig. 7. Gelatin networks, typically of dimension 1.53 73 20 mm,

were mounted using clamps between a temperature-compensated force trans-

ducer (Pioden Controls, Canterbury, UK) and a micrometer screw gauge

controlled by a stepper motor. The force transducer allowed for measure-

ments of stress s ¼ f(l) as the sample was strained along the lxx axis.

Samples were stretched at a strain rate of 0.001 s�1. Simultaneously, we

measured the optical rotation C of the gelatin gel with a linearly polarized

light at 633 nm from a He-Ne laser. The reason for choosing this long wave-

length is to stay away from any molecular absorption band characteristic of

circular dichroism (CD). That method of detecting protein (and other)

helices is totally inappropriate for our study because the interpretation of CD

signal is notoriously ambiguous. Any distortions of the helices, such as

bending, can have a significant affect on the CD spectrum. It would certainly

be inapplicable in our case when the helices are distorted by the network

deformations. Our method of choice is the optical rotation of plane-polarized

light in nonabsorbing region, which can be demonstrated to be linearly

proportional to the concentration of helically correlated regions of chains.

As shown in Fig. 7, the laser beam is split into two parts, one plane-

polarized beam (labeled b in Fig. 7) passing through the sample and an

analyzer, rotating at a fixed frequency ;16 Hz, the other (beam a) through

an optical chopper mounted on the same rotor and providing a reference

signal. The lock-in amplifier (Stanford Research, Menlo Park, CA) locked

on the reference signal and detected the relative phase difference DQ

between the two signals. The phase shift corresponds to the rotation of the

plane of the linearly polarized light and gives directly the total rotation angle

C. The helix content is a material function proportional to the rate of optical

rotation @C/@z, so we need to take into account the change of path length of

light d (along z, the sample thickness) as a function of the imposed uniaxial

extension l ¼ lxx. If we model the deformation as strictly volume-

conserving, then det(l)¼ lxxlyylzz¼ 1. If the deformation is also isotropic,

lyy¼ lzz and we expect lzz ¼ 1=
ffiffiffiffiffiffiffi
lxx

p
. To verify this, the width of a sample

was measured using a traveling microscope as a function of lxx. Fig. 8

shows that, on stretching the gel, lzz and lxx accurately satisfy the predicted

ð1= ffiffiffi
l

p Þ relation and hence the measured raw optical rotation of a sample

was corrected to give the rate of optical rotation @C=@z } C
ffiffiffi
l

p
. The

measured stress was also corrected for the corresponding decrease in the

cross-sectional area (in the y,z plane) on stretching. Then the true stress, s9,
is related to the measured nominal stress by s9 ¼ l s.

FIGURE 6 Variation of the storage modulusG9with time after quenching

the 16% EG gel to room temperature (at t ¼ 0 point). G9 rises over four days
to reach an equilibrium value of 1.73 104 Pa. Arrows point at the two aging

states at which main experiments have been performed (see text).

FIGURE 7 Scheme of the apparatus which combined optical rotation rate

@C/@z and stress-strain s ¼ f(l) measurements. The components are: (B)

beam splitter; (P) polarizer; (S) sample mounted, using clamps, between

a temperature-compensated force transducer and micrometer screw gauge

controlled by a stepper motor (not shown); (A) analyzer; and (C) light

chopper rotating on the same frame as A.

FIGURE 8 Variation of lzz with lxx. The curve corresponds to the trans-

versely isotropic incompressible lzz ¼ 1=
ffiffiffiffiffiffiffi
lxx

p
.
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Effect of induced birefringence

The changes in rotation may be affected by birefringence, which is

necessarily induced in the network on uniaxial stretching. The gel is initially

isotropic, but on extension, the statistical distribution of the polymer

becomes biased. This is a very well-known effect observed in any polymer

network under uniaxial deformation. The induced birefringence is defined as

Dn ¼ nSD – nND, where nSD and nND are the refractive indices in the

stretching and the normal directions. In our case, this effect was measured

separately with the aid of a quarter-wave plate inserted in the beam-path of

our apparatus, using a method based on the phase differences of coherent

light, and one which is therefore insensitive to intensity changes due to, for

example, scattering. Fig. 9 shows the induced birefringence, Dn, which is

almost a linear function of imposed extension lxx, for a 16% gelatin sample.

It can be shown (15) that the induced birefringence is proportional to the

difference in the normal stress, Dn¼C(szz – sxx), withC the so-called stress

optical coefficient, which depends only on the local structure of the polymer.

For our gelatin gel, we determine C� 1.63 10�6 cm2/N, which agrees well

with the literature data on a variety of polymer networks, from dry rubber to

highly swollen gels (16,17).

One could in principle observe a rotation of the plane of polarization,

related to the induced birefringence Dn, if the initial light polarization falls

on the sample at an oblique angle to the extension axis. The corresponding

rotation angle is u; pDnlzzd/L, where L is the laser wavelength and d the

sample thickness. At our highest extension and other parameters, we may

obtain the value umax; 6�. We shall see that this value is almost an order-of-

magnitude below our readings. However, there is a second factor making the

effect of induced birefringence irrelevant. In our case, we deliberately send

the incident light with polarization aligned with the axes of deformation. If

the sample was not optically active, there would be no rotation at all. As the

plane of polarization starts its rotation away from this initial position, as

the light travels along its path, the effects of birefringence kick in. The

birefringence simultaneously induced in the sample acts to rotate the plane

of polarization back toward the axes of deformation. That would reduce the

amplitude of the perceived optical rotation, by the amount significantly less

than umax. As the main effect described in this article is a dramatic increase in

the magnitude of optical rotation on stretching, we conclude that the induced

birefringence has little effect.

RESULTS AND DISCUSSION

The equilibrium content of secondary helices in a cross-

linked gel changes as a function of the applied stress. By

combining dynamic-mechanical and optical measurements,

Fig. 10 shows the changes in optical rotation rate, @C/@z,
which are a direct measure of the helical content, as a

function of imposed extension lxx. This result, generic to this
gelatin system (i.e., reproducing qualitatively over a wide

range of concentrations and temperatures), demonstrates that

by imposing an extension on chains, one can stimulate the

helix formation in the network strands.

The initial optical rotation of the unstretched network is

negative, @C/@z(l ¼ 1) � �0.63�/mm, which in our setup

corresponds to left-handed rotation. The optical rotation of a

gelatin solution at this concentration, at 50�C,when the chains
are in the random coil state, is an order-of-magnitude smaller

(��0.06�/mm) and still left-handed. The optical rotation

response of native collagen has been compared to that of

synthetic peptides such as poly-proline. In aqueous solution,

proline polypeptides adopt the poly-L-proline II conforma-

tion,which is a single left-handed helix, almost identical to the

collagen left-handed secondary helix (18). The optical

rotation of poly-L-proline II solutions shows similar behavior

to that observed for native collagen solutions (19). The

association of the helices to form the tertiary triple helix

marginally distorts the helical folded regions of chains, but

has little effect on the rotatory properties. The optical rotation

measurement is, therefore, mainly sensitive to the left-handed

secondary helical structure of individual chains. The small

negative rotation measured initially (in the undistorted gelatin

sample, l¼ 1) is due to these secondary a-helices, which are
joined into triple-helical regions that form the crosslinks in the

gel. Some additional single helicesmay be present as well, but

cannot be distinguished from those forming the triple helices.

FIGURE 9 Evolution of the rotation rate @C/@z (left axis) and stress s9
(right axis) as functions of imposed lxx, for a 16% gel. The plot shows the

data of the extension, retraction, and second extension cycles of the sample,

to demonstrate the reversible equilibrium nature of the response.

FIGURE 10 Birefringence, Dn, as a function of imposed lxx, for a 16%

gel.
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On extension, the absolute value of the rotation rate in-

creases dramatically. At the same time, over the large range of

extensions lxx, the stress-strain relationship remains strictly

linear and fully reversible. From this, we may infer that the

total amount of network crosslinks (right-handed triple-helix

regions) remains constant over the duration of this experiment

and the nonmonotonic variation of optical rotation with exten-

sion is not due to structural changes of the triple helical cross-

links. The dramatic increase of the optical activity suggests an

increase of left-handed single-strand a-helix population. These
helices are generated in the originally coiled network strands

and produce the increasing left-handed rotation (represented

as negative values of rotation rate in Fig. 10).

At higher extension, lxx, the variation of the optical rotation
is clearly nonmonotonic and we found a maximum value of its

amplitude�28.8�/mm for l*� 1.85, as shown by the arrow in

Fig. 10. We assume this corresponds to the maximum content

of helices in the network, which subsequently start to unwind

for strain l. 2. This crossover is a consequence of the change

in the nature of the helix coil transition which becomes a helix-

extended coil transition for strong forces (20). Theminimum in

the optical rotation could reflect the point at which the rotation

due to the induced birefringence dominates that resulting from

the formation of helices, leading to an increase in the optical

rotation. However, as the magnitude of the rotation due to

birefringence is small compared to the measured rotation, even

at our highest extension, it is likely that the result of the

birefringence is to shift the measured critical extension to a

somewhat smaller value than the true extension at which the

helices begin to unwind.

Our interpretation of the nonmonotonic left-handed ro-

tation depends on the assumption that the conformation of

the triple helical crosslinks in the network is preserved; this is

illustrated by performing a repeated stretching-contracting

cycle experiment. In Fig. 10, only an insignificant hysteresis

is observed. This, and the consistently linear stress-strain

variation, suggests that the change in average helical content

on stretching is not due to topological rearrangement of

triple-helical junction zones (even though a decrease of their

density in the network could have been initially suspected).

To test the equilibrium in a different way, an unstretched

sample was extended very rapidly to l ¼ 1.2. The optical

rotation and stress were then measured over several hours

(Fig. 11). It is quite clear that the effects observed while

stretching the sample at a slow rate of 10�3 s�1 are close to

equilibrium.

We therefore conclude that the imposed strain promotes the

induced helix-coil transition on originally randomly coiled col-

lagen segments of the elastic network, which results in a large

and nonmonotonic variation of the overall optical activity.

Influence of crosslinks density

The influence of the network properties on the stimulated

helix-coil transition has been studied by measuring the

generic response described above as a function of the cross-

link density. The crosslink density at a fixed temperature is

directly related to the concentration of gelatin and two

different samples have been prepared with 12% and 16% of

gelatin (w/w). Fig. 12 shows the results of stretching experi-

ments performed on a 12% (w/w) and a 16% (w/w) gelatin

gel (aged for six days after quenching, when the storage

modulus G9 had reached equilibrium; see Fig. 6). The rates

of optical rotation @C/@z of unstretched (at lxx ¼ 1) 12%

and 16% samples are �0.40�/mm and �0.63�/mm, respec-

tively. This is consistent with the expectation that fewer triple-

helical crosslinks will form in a 12% gel. On stretching, the

variations in optical rotation for both 12% and 16% gelatin

gels are nonmonotonic with the imposed deformation lxx.
However, a difference is observed on the magnitude of

@C/@z, whereas the critical strain, l* � 1.85 is similar for

both samples. For a 12% gel, the rotation rate reaches a

maximum value of ;�18�/mm, smaller than the value of

@C/@z ¼ �46.4�/mm for the 16% gel. On the corresponding

stress-strain curves, we find the consistently linear increase

with the extension lxx, but the value of extension (Young)

modulus E for a 12% gelatin gel is approximately one-third

of those for a 16% gel, again consistent with the expected

reduction in the number of crosslinks.

Influence of network aging

We examined how the gelatin aging influences the mech-

anically stimulated helix generation in the network. For this

purpose, experiments have been performed as a function of

the storage modulus G9 evolution: after one day from gel

FIGURE 11 Time evolution of rotation rate after a strain step of ;20%,

illustrating the stability of the microstructure. The inset shows the cor-

responding slow stress relaxation, which is a well-known feature of any

rubbery network.
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quenching when G9 is still rising, and after six days when G9
reaches a plateau (constant value of 1.7 3 104 Pa), from

which we assume that the equilibrium crosslinking is com-

pleted. The results are presented in Fig. 13, which shows the

variation of @C/@z as a function of lxx for a 16% gelatin gel

after one day and six days of aging from quenching. For a

one-day-old gel, the initial optical rotation for the un-

stretched sample is @C/@z ¼ �0.58�/mm for the 16% gel

and �0.38�/mm for the 12% gel. This is smaller but close to

the optical activity of a six-day-old gel, at each concentra-

tion, which is consistent with their similar extension modulus

values. In both cases, on the corresponding stress-strain

curves, we find a linear relationship as shown on Fig. 13 b.
The values of the Young modulus E (by assuming the

Poisson’s ratio r ¼ 0.5), calculated from the stress-strain

relation in Fig. 13, compare favorably with those obtained

using the dynamic rheometer: one expects, and indeed finds

E � 3G9. As the gel ages, the helical content increases and

the network becomes stiffer. This is a result of the length-

ening of the right-handed triple helices, reported and dis-

cussed in, e.g., Guo et al. (21).

On stretching, the rate of optical rotation for a one-day-old

gel becomes negative and shows the same characteristic

nonmonotonic variation. However, the value of the optical

activity at the critical strain l* is much lower than the value

obtained for a six-day old gel: for instance, for the 16%

gel the maximum values of right-handed rotation rate are

@C/@z ¼ (�12.06 0.5)�/mm and @C/@z ¼ (�46.46 0.5)�/
mm, respectively. This, with the results obtained as a function

of cross-links density, confirms that the induced helical con-

tent depends strongly on the elastic properties of the network,

which has to transmit deformation to individual collagen

strands to induce their helices.

Optical anisotropy of induced helices

We have further investigated the uniaxial anisotropy of

induced helices with sending the light through the stretched

sample, which was polarized perpendicular (electrical field

E?lxx) and parallel (Eklxx) to the direction of extension.

The results for a six-day-old 16% gel are shown in Fig. 14.

For the light that is initially polarized perpendicular to the

direction of extension, the rate of optical rotation is con-

sistently greater than that obtained when the polarization

plane is initially parallel to lxx. The difference between the

rotation rates in these parallel and perpendicular geometries

increases as the strain is increased up to the critical strain.

Qualitatively similar results are obtained for 12% gels and

for one-day-old gels. This effect is a signature of an optical

anisotropy of induced helices.

The peptide bond is optically anisotropic on itself (Da0 ¼
2 3 10�30 m3) (22). When amino acids are arranged in

FIGURE 12 (a) Variation of the optical activity @C/@z
for 12% and 16% gels on stretching, six days after the gels

were removed from the mold. (b) The corresponding stress-

strain measurements.

FIGURE 13 (a) Variation of the optical activity @C/@z
for a one-day- and a six-day-aged 16% gel. (b) The cor-

responding stress-strain measurements showing only minor

variation in the modulus.
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a straight a-helix, the average uniaxial anisotropy along the

helical axis is clearly induced (also known as the transversely

isotropic symmetry of the local dielectric tensor). Assuming

the helix is a relatively rigid structure, at least in comparison

with the coil chain regions, one expects their alignment

induced by the uniaxial strain applied to the system. This

alignment of an induced helix along the force axis is also

a feature of the original models of individual chains (11,12).

A simple affine model calculating the average uniaxial

anisotropy induced in the orientational distribution of rigid

rods embedded in an elastic continuum, which is uniaxially

stretched by a factor l, predicts the distribution function

PðuÞ ¼ l
3

2ðcos2u1 l
3
sin

2
uÞ3=2 sinudu; (5)

with u the local angle of a helix axis to the direction of strain.
This has to be multiplied by the (yet unknown) factor of

anisotropy of helix polarizability, and then convoluted with

the nonmonotonic function describing the helix concentra-

tion; see Fig. 2 and Theoretical Background, above, to ac-

count for the observed effect of light polarization.

CONCLUSIONS

We performed a numerical integration similar to that of

Kutter and Terentjev (13) to obtain the effective optical

rotation rate, by weighting the (scalar) helical fraction by the

orientational bias of incident light polarization with respect

to the applied deformation. As would be expected, for a fixed

helical fraction, the rotation rate is greater for the light that is

initially polarized perpendicular to the helix axis, suggesting

the negative dielectric anisotropy. We applied this model to

the gelatin network used in this investigation. The value of

the parameter N, the average number of chain segments

between crosslinks, is not straightforward to estimate, as the

effective crosslinks do not form at the ends of the molecule.

The distance between crosslinks j could be estimated from

the measured shear modulus, G � ðkBT=j3Þ; assuming basic

rubber elasticity response. For a 16% six-days-old gelatin

gel, this gives j ; 6 3 10�9 m. Since the dimensions of an

amino acid are of the order of a few Ångströms, this suggests

N ; 100 for the gelatin network. To fit the position of

the rotation rate maximum, we required the parameter

bDf¼ 0.05, at N¼ 100 (see Theoretical Background, above).

Assuming the optical rotation linearly increases with

increasing helical content, this model shows qualitatively

the same variation with extension as the results obtained with

the gelatin gel.

In summary, the structural changes occurring in a bio-

polymer network (gelatin gel) on extension have been moni-

tored by observing changes in its optical activity. We have

demonstrated experimentally the mechanical induced helix-

coil transition by applying an external deformation (imposed

end-to-end distance) of the network. The initially small

negative rotation of the plane of polarization by the gel, due

to the right-handed triple helical crosslinks, becomes large

on stretching and shows a distinct nonmonotonic variation

with the imposed strain. This nonlinear variation is not due to

birefringence and depends strongly on the elastic properties

of the network. This result, in qualitative agreement with

theoretical predictions for bDf ¼ 0.05 and N ¼ 100, gives

a consistent picture of induced helix-coil transition occurring

in polymer networks under stress. However, the dependence

of the observed changes in optical rotation on the plane of

polarization remains to be explained.
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