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ABSTRACT: Using optical rotation to study the triple helix reversion of gelatin in aqueous solutions
demonstrates that the reversion is a combination of first-order and second-order kinetic processes. On
the basis of this observation, we propose a new two-step mechanism of triple helix formation in
polypeptides, that leads to an expression distinct from the one obtained by Flory and Weaver. The rate-
limiting step is formation of a two-stranded nucleus, which can be intramolecular (first order) or
intermolecular (second order). The triple helix is formed by subsequent wrapping of a third strand onto
this nucleus. We estimate the minimum stable helix length and the size of the loop at the end of an
intramolecular helix from our kinetics analysis. The new two-step mechanism of triple helix formation is
consistent with all existing literature data and allows prediction of concentration and temperature
dependencies of helix formation rate.

Introduction

Gelatin is a biopolymer made from collagen through
a hydrolysis process. The native conformation of col-
lagen molecules is a triple helix formed by three
individual molecular strands held together by interchain
hydrogen bonding.1 Gelatin, as denatured collagen,
dissolves in water above its melting temperature and
exists as flexible random coils2 in solution. Upon cooling
below the melting temperature, ordered structures of
the gelatin molecules are re-formed. X-ray diffraction,3
scattering,4 and transmission electron microscopy5 mea-
surements strongly suggest that the reconstructed,
ordered structures have the same conformation as
collagen. In semidilute solutions, gelatin molecules
highly interpenetrate each other and this poses topo-
logical difficulties for a complete coil-helix reversion
to the collagen state. Gelatin molecules partially revert
to the ordered triple helical collagen-like sequences,
separated along the gelatin molecular contour by pep-
tide residues in a disordered coil conformation. While
the coil-helix reversion is predominantly intramolecu-
lar at very low concentrations, it becomes increasingly
intermolecular in the semidilute regime and leads to
gelation at concentrations above about 0.5 g/dL as a
result of the formation of an infinite molecular network
in the gelatin solution.6

The widespread applications of gelatin in food, phar-
maceutical, and photographic industries are directly
attributed to its coil-helix transition. Consequently,
study of this coil-helix transition has attracted consid-
erable research attention for over 50 years. The review
by Rose7 presents an outline of the research prior to
1977, and more investigations have been carried out
over the past 25 years. Kinetics of the coil-helix
transition has been studied extensively using techniques
such as differential scanning calorimetry, polarimetry,
scattering, and rheology to determine thermodynamic

parameters, reversion rate, and helix fraction, as well
as helix conformational properties.2-30

A fundamental question regarding the coil-helix
transition is how fast this process proceeds and what
are the effects of solution concentration and tempera-
ture. Flory and Weaver10 studied the reversion rate in
dilute rat-tail-tendon gelatin solutions and proposed a
first-order kinetics with respect to concentration. They
postulated a two-step renaturation process, with a
single-chain intermediate that rapidly forms renatured
triple helix. The Flory-Weaver renaturation process
may be represented schematically as

where C, I, and H represent, respectively, the random
coil, the intermediate, and the triple helix. The first step
is much slower than the second step and, hence, is rate
controlling. The rate of the Flory-Weaver renaturation
process is given by the product of gelatin concentration,
c, and the rate constant, k1:10

where B and A are constants, T (in K) is the renatur-
ation temperature, and ∆T ≡ Tm - T is the degree of
undercooling, with Tm being the equilibrium melting
temperature of the gelatin solution at the given con-
centration. For lime-processed ossein gelatin, Tm is
about 35 °C for dilute solutions and increases to ap-
proximately 37 °C at a concentration of 10 g/dL.

While the first-order kinetic analysis agrees with
experimental observations for dilute gelatin solu-
tions,10,15 it is contrary to the results obtained at
moderately high concentrations where a concentration-
dependent rate constant is usually reported.12,15,23 Con-
sequently, the Flory-Weaver mechanism is not valid
in semidilute solutions. Several new mechanisms have
been proposed for the renaturation kinetics. Drake and
Veis11 proposed that the first-order dependence on
concentration of the renaturation process could result
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from an “intramolecular reaction in which different
segments of the same molecular chain must interact to
form stable collagen-fold units.” Harrington and Rao15

adopted the idea of Drake and Veis for renaturation in
dilute solutions and suggested that the rate-limiting
step at high gelatin concentrations is the formation of
a hydrogen-bonded nucleus composed of chain segments
belonging to three separate molecules resulting in a
third-order dependence on concentration. Eagland et
al.19 visualized the rate-determining step for dilute
solutions as an initial formation of single turns of left-
handed helix on a single chain, followed by a subsequent
slow folding back of the chain upon itself twice, bringing
the single helical turns into conjunction with one
another. The triple helix is formed by the rapid “zipping
up” of the chain segments contained in the loops. This
scheme is intramolecular in nature and has a first-order
concentration dependence.

All the above schemes propose either a first-order or
third-order gelatin renaturation process. Harrington
and Rao15 suggested a combination of first- and third-
order reversions for their concentration-dependent rena-
turation, despite an apparent combination of first- and
second-order reversions seen in their data for gelatin
solutions up to a concentration of 0.1 g/dL. Ter Meer
and co-workers23 observed a combination of first- and
second-order renaturation for limed-bone gelatin solu-
tions up to a concentration of 2 g/dL at 10 °C. In view
of the discrepancies between the proposed mechanism
and the experimental observations, a thorough study
over wider concentration and temperature ranges is
necessary. In the present paper, we present our experi-
mental studies on the initial renaturation process of
bovine-bone gelatin solutions at semidilute concentra-
tions from 0.25 to 11.9 g/dL and over a temperature
range from 3 to 30 °C, in an effort to elucidate the
gelatin renaturation mechanism. We find that a com-
bination of first- and second-order kinetics applies and
propose a new mechanism consistent with all observa-
tions.

Experiment

In this work, experiments were performed with the same
deionized lime-processed ossein gelatin (molecular weight 118
kDa, SKW Gelatin and Specialties) as used for a separate
study of gelatin gelation,6 without further purification. The
only appreciable salt comes from a pH adjustment with NaOH
which typically amounts to about 3000-3500 ppm sodium in
the gelatin. All other anions and cations are less than 100 ppm.
The solution pH is 5.7-5.8, significantly above the isoelectric
point of 4.9. This gelatin contains 13.47% moisture by weight
and the dry gelatin density is determined to be 1.45 g/cm3 by
measuring the weight of an aqueous gelatin solution of known
concentration and volume. Aqueous gelatin solutions were
prepared by swelling the gelatin in distilled, deionized water
at room temperature for 1 h, followed by subsequent heating
at 45 °C for another hour, under constant mild stirring.
Concentration is on a dry gelatin weight basis and 0.2 g/dL
Kathon biocide (Rohm and Haas) was added to the solutions.
No pH adjustment was made to the gelatin solutions. The
prepared gelatin solutions were stored in a refrigerator at 5
°C until use.

Gelatin is an optically active material in both the random
coil and helix conformations but has more optical activity in
the helix state. The polarization of an incident light beam
passing through the gelatin sample rotates by an amount that
depends on the beam wavelength and the optical activity. The
optical rotation R (in degrees) measured at wavelength λ was
normalized by the beam path length l (in decimeters) and the
gelatin concentration c (in grams per deciliter) to yield the

specific optical rotation

The reverted fraction of triple helices in the renaturation
process is related to the optical rotation change through a
linear relationship between the optical rotation change and
the fraction X of gelatin in the triple helix state17a,21

where [R]λ is the measured specific optical rotation, [R]λ
coil is

the specific optical rotation if all the gelatin molecules are in
the coil state, and [R]λ

collagen is the specific optical rotation
corresponding to complete renaturation (the native state of
collagen). [R]λ

coil has a nonzero value because the peptide
chain (gelatin is a polypeptide) is chiral in the random coil
state. Gelatin is levorotary, and its optical rotation by defini-
tion is negative.

The wavelength dependence of the specific optical rotation
of collagen and gelatin solutions has been shown to follow the
one-term Drude equation for λ > 300 nm31

where D depends on the conformation of the protein, and λ0 is
the wavelength of the absorption maximum. This relation has
been experimentally verified for collagen and gelatin solu-
tions24 in both the sol and gel states over a wide range of
wavelengths, solution concentrations, and temperatures. The
value of λ0 for both partially renatured gelatin and collagen24

is λ0 ) 212 nm, and the value of [R]λ
collagen for limed ossein24 is

[R]436
collagen ) - 800 ( 10. In this work, the optical rotation was

measured at a wavelength of λ ) 632.8 nm, and the corre-
sponding specific optical rotation for collagen at this wave-
length was calculated according to the Drude equation (eq 5)
to be

The measured optical rotation of the gelatin used in this
work in the coil state was [R]623.8

coil ) -120 at 45 °C and
reached -134.5 at 0 °C with a linear relationship to temper-
ature change (see eq 6 below). The optical rotation in the
collagen state, as calculated above, was used as a temperature
independent parameter in this study.

The details of the polarimetry measurement with our
custom-built instrument are described elsewhere.6 In this
work, a jacketed cylindrical brass cell, with an inner diameter
of 2.5 mm and a path length of 100 mm, was used as the
sample holder. The jacket is connected through a switching
system to two water baths controlled at two temperatures,
each with a stability of (0.05 °C. Quenching is achieved by
switching water flow from the two water baths. Water circu-
lating in the cold water duct was maintained without passing
through the jacket, prior to quenching, by using a separate
switch to ensure that the water pumped into the jacket was
at the right temperature at the start of quenching. Foamed
rubber was used as thermal insulation to wrap the whole duct
system. Temperature in the water baths and in the sample
cell was calibrated with a thermocouple and it was found that
the cell in quenching was able to reach the target temperature
with an error 1.5% of the temperature drop in 25 s. Figure 1
shows the temperature response in the sample cell during
quenches from 45 °C to various temperatures.

The gelatin solution was loaded into the sample cell and
maintained at 45 °C for 1000 s to eliminate thermal history
effects. Next, it was quenched to the desired low temperature
to start the renaturation process. As shown in Figure 2 for a

[R]λ ) 100R
lc

(3)

X )
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2
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1.0 g/dL gelatin solution quenched to 4 different temperatures
(5, 10, 15, and 20 °C), the specific optical rotation is character-
ized by an initial jump with oscillations in the first 15 s from
the original value of [R]632.8

coil ) - 120° at 45 °C to a higher
value around -130°, followed by a steady increase starting at
about 20 s. The oscillations in the first 15 s are believed to be
caused by the temperature gradient in the sample during the
quench. The big jump of optical rotation in the first 15 s has
a distinctively higher rate than that seen after 20 s and cannot
be solely attributed to helix formation. Water volume changes
by only 1% for a temperature drop from 45 to 5 °C and, thus,
also cannot account for such a large initial jump in optical
rotation (∼7% at 20 °C). Our interpretation is that gelatin
chains in the coil state have a temperature-dependent optical
rotation.

The optical rotation in the coil state at different tempera-
tures is determined by extrapolating the slope in Figure 2 to
a quench time of 10 s, and finding the actual temperature at
that moment after quench (refer to Figure 1). The time of
10 s is selected based on the consideration that right after
quench there is a fast drop as well as a large gradient of
temperature within the sample cell, while too long after
quench there is a significant amount of helix contribution to
the optical rotation. Plotted in Figure 3 are the values of [R]632.8

vs the corresponding temperatures for gelatin solutions at
several concentrations. The data points in filled symbols are

for gelatin solutions which are slowly cooled from 45 °C at a
rate of 0.5 K/min. The lower boundary line of the data points
has the minimum contribution from renatured helices and thus
presents a close approximation of the optical rotation in the
coil state. Data points at high gelatin concentrations and low
temperatures deviate from the lower boundary line due to fast
helix formation. The optical rotation in the coil state repre-
sented by the lower boundary line in Figure 3 can be described
by a linear temperature dependence

where temperature T is in Celsius.

Results
The helical renaturation rate is directly related to the

time-derivative of the optical rotation (eq 4)

through a temperature-dependent factor:

The slope of the optical rotation curve vs time is a direct
measure of the helix renaturation rate. This slope is
calculated from the optical rotation curves in Figure 2,
starting at 20 s. For a quenching temperature close to
the coil-helix transition temperature (∼35 °C), the
renaturation rate is low, and a longer time is required
for proper slope calculation, to minimize the residual
error introduced by the temperature gradient in the first
15 s. Figure 4 shows the initial rate of optical rotation
change obtained for gelatin solutions at concentrations
from 0.25 to 11.9 g/dL quenched to temperatures in a
range from 3 to 30 °C. The rate decreases with temper-
ature but increases with gelatin concentration. How-
ever, at low temperatures and high gelatin concentra-
tions, the rate decreases with concentration. This effect
is believed to be caused by the limitation of the heat
transfer rate of the brass cell. Since helix formation is
an exothermic process, any deficiency in heat transfer
will raise the sample temperature and decrease the

Figure 1. Temperature response in the brass sample cell on
quenching to various temperatures, as measured with a
thermocouple immersed in water inside the cell.

Figure 2. Optical rotation curves (at λ ) 632.8 nm) after
quenching from 45 °C to four different temperatures for a 1.0
g/dL gelatin solution.

Figure 3. Optical rotation at 10 s after quench as a function
of the actual temperature reached for gelatin solutions at
several concentrations. Data points in filled symbols are for
solutions slowly cooled from 45 °C with a rate of 0.5 K/min.

[R]632.8
coil ) 0.311T - 134 (6)

dX
dt
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helix reversion rate. This effect is more obvious when
the data are plotted against concentration as shown in
Figure 5. At concentrations below 5.08 g/dL, the rate
shows a linear dependence on concentration for tem-
peratures in the range ∼5-20 °C. The solid, straight
lines are the result of a weighted least-squares fit with
more weight given to lower concentrations. The concen-
tration dependence of the fit lines can be described as

where c0 is the initial gelatin concentration, K′1 and K′2
are the intercept and slope of the lines that depend on
temperature only. This result is also consistent with the
experimental observation of Ter Meer and co-workers.23

Next, we demonstrate that the form of eq 9 indicates a
combination of first- and second-order helix reversions.

Equations for the first- and second-order helix rever-
sions can be written, respectively, as

and

where [H]i is the moles of helices per unit volume
created by the reversion process of order i, [C] is the
moles per unit volume of amino residues in the flexible
coil segments, Ki is the rate constant for the reversion
process of order i, and the subscripts 1 and 2 denote
the first- and second-order reversions. The helix fraction
X is related to [H]1 and [H]2 through the helix lengths
l1
/ and l2

/, which are assumed to be the minimum stable
helix lengths for each reversion process

where Ml is the molecular weight per unit triple helix
length. The initial rate of change of optical rotation is

Since the coil concentration [C] ) (1 - X)c0/Mres ≈
c0/Mres for very small X at the initial stage of helix
reversion, where Mres () 92 D)32 is the molecular weight
per amino acid residue, eq 13 simplifies to

where lres () 2.86 Å)33 is the length per residue. This
equation has the same concentration dependence as our
experimental observations as described by eq 9. Hence,
the experimental results in Figure 5 represent a com-
bination of first- and second-order reversions. A solely
first-order reversion would require the fit lines in Figure
5 to be horizontal, and an exclusively second-order
reversion would require the lines to pass through the
origin. Any order higher than 2 would lead to a
nonlinear dependency on concentration and, therefore,
an upward curvature in Figure 5.

Discussion
The formation of a triple helix is completed through

two steps: nucleation and wrapping. The nucleation
step involves a positive-activation energy (demonstrated
below) and is much slower than the wrapping step (a
negative energy is associated with the wrapping step).
The slow nucleation process is rate-limiting so it deter-
mines the reaction order.

Table 1 shows the possible critical nucleus structures
for first-order, second-order, and third-order reversions,
involving critical nuclei with one, two, or three strands.
Flory and Weaver10 proposed a critical nucleus involving
a single strand for which only first-order kinetics is
possible. Clearly, the single strand nucleus cannot

Figure 4. Temperature dependence of the initial rate of
change in optical rotation for gelatin solutions at different
concentrations.

Figure 5. Concentration dependence of the initial rate of
change in optical rotation at different quench temperatures,
showing a constant slope at low concentrations and a nonzero
intercept. The solid lines are the fit, and the dashed lines are
for visual guidance.
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explain our observation of a contribution from second-
order kinetics. The three-strand nucleus proposed by
Harrington and Rao15 could be formed by one chain (first
order), two chains (second order), or three chains (third
order). Harrington and Rao correctly asserted that the
most common of these would be the third-order rever-
sion, because the loops required for first- and second-
order reversions of three-strand nuclei cost free energy.
The fact that we see no evidence for third-order kinetics
(nor is there any evidence in the literature) suggests
that the critical nucleus does not involve three strands.

Thus, the only possible mechanism is the initiation
of a two-strand nucleus. The formation of a triple helix
is realized in two steps: (1) slow initiation of a nucleus
composed of two helical strands winding together and
(2) rapid subsequent wrapping of another coil segment
around the nucleus to form a triple helix. Triple helices
exceeding a critical length remain stable, but shorter
ones remelt immediately after their formation.

In the first-order reversion, the two strands of the
nucleus are from a single chain with a loop. The triple
helix either contains two loops, if the third wrapping
coil is from the same chain, or has one loop, if the
wrapping coil is from another chain. The single-looped
helices are more likely to be formed, so, single-looped
helices are predominantly created by the first-order
reversion.

Therefore, the two-strand nucleation mechanism is
more appropriate in describing the coil-helix reversion
dependence on concentration: dominant, single-looped
helices in the dilute regime developed to the coexistence
of single-looped and nonlooped helices in the semidilute
regime and, finally, to dominant nonlooped helices for
concentrated solutions. The triple helix formation pro-

cess of the two-strand nucleation mechanism is sche-
matically shown in Figure 6 for both the looped and
nonlooped helices.

The minimum stable helix length can be derived in a
similar way to the treatment of Flory and Weaver.10 The
free energy of formation of a triple helix of length l at
the quench temperature T is given by

where ∆H (<0) and ∆S (<0) are the enthalpy and
entropy changes per helix length when the helix is
formed, σe (>0) is the interfacial free energy at the two
ends of the helix, ub (>0) is the bending free energy
stored in the loop, and the parameter ε takes a value of
zero for a nonlooped triple helix and a value of 1 for a
single-looped helix. The minimum stable helix length
l* is found by setting eq 15 equal to zero:

The approximation ∆S ) ∆H/Tm may be derived from
the fact that ∆H - T∆S ) 0 at the equilibrium melting
temperature Tm. By denoting the undercooling ∆T ≡
Tm - T, the minimum stable helix length can be
rewritten as

It is seen that the minimum stable helix length is
inversely proportional to the relative undercooling
∆T/Tm. The critical helix length l1

/ of the first-order
reversion is longer than the critical helix length l2

/ of
the second-order reversion, because there is no loop
energy (ε ) 0) in the second-order reversion.

The concentration dependence of Tm for lime-pro-
cessed ossein gelatin is plotted in Figure 7 through
reanalyzing the available literature DSC data20 (shown
as the inset of Figure 7). A simple linear approximation

Table 1. Possible Critical Nucleus Structures

Figure 6. Schematic of triple helix formation of the two-
strand nucleation mechanism. Single-looped helices are formed
in dilute solutions, nonlooped helices are found in concentrated
solutions, while single-looped helices coexist with nonlooped
helices in semidilute solutions.

Figure 7. Reanalysis of the literature DSC data20 for the
concentration dependence of the equilibrium melting temper-
ature Tm of gelatin solutions. Tq in the inset is the quench
temperature in the DSC measurements and the measured data
are extrapolated to the Tm ) Tq line to get the equilibrium
melting temperature, at each concentration.

∆G ) l(∆H - T∆S) + 2σe + εub (15)

l* ) -
2σe + εub

∆H - T∆S
(16)

l* ) -
2σe + εub

∆H
Tm

∆T
(17)
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can be used for the concentration dependence of the
melting temperature

By using the Kratky-Porod model,34 the loop-bending
free energy can be calculated with the following integra-
tion along the contour of the loop modeled as a wormlike
chain35

where lp is the persistence length () 20 ( 3Å for
gelatin),36 and u(s) is the unit vector tangent to the
contour at length s. Assuming a circular end loop of
radius Rl, the bending free energy is simplified as

Equation 20 indicates that the bending free energy is
proportional to the absolute temperature (entropic) but
inversely proportional to the loop size, with the assump-
tion that lp and Rl are not temperature dependent.

As discussed above, the formation of a triple helix of
the minimum stable length l* is realized through
nucleation and subsequent wrapping. The rate-limiting
process is nucleation. The rate constant for triple helix
reversion is effectively given by the rate of nucleation

where B is the collision frequency factor, and E is the
free energy for the creation of the nucleus. The energy
E, which is positive, is the activation energy for nucle-
ation. Through assigning ∆H1 and ∆S1 as the enthalpy
and entropy per unit nucleus length, and σe1 as the
nucleus end surface energy, the total activation energy
for the reversion of a triple helix of the critical length
l* can be written

Since two of the three chain strands are involved in
forming the critical nucleus, the entropy ∆S1 and end
surface energy σe1 of the nucleus are 2/3 of those of the
full triple helix. The enthalpy ∆H1 for nucleus creation,
however, cannot simply be assumed to be 2/3 of that of
the full triple helix. Assume that the fusion enthalpy is
solely a result of the energy of hydrogen-bonding
interactions between chain strands. As shown in Figure
8, there are three mutual interactions between the three
chain strands in a triple helix. The oxygen and hydrogen
atoms bonding together are in a plane perpendicular to
the helix axis. In a nucleus, two of the three interactions
responsible for bonding the third wrapping coil segment
reorganize to form a new interaction between the two
strands of the nucleus. Owing to topological constraints,
the reorganization of interactions will lead to two out-
of-plane hydrogen-bonding pairs (the bonding plane is
not perpendicular to the nucleus axis), or one in-plane
and one out-of-plane bonding pairs. Since the out-of-
plane bonding is weaker than the in-plane bonding, the
enthalpy associated with nucleus creation is less than
2/3, but more than 1/3, of that for the triple helix (see
Figure 8). A more accurate estimation of the nucleus

enthalpy requires knowledge of the topological and
hydrogen-bonding features of the nucleus. The enthalpy,
entropy, and end-surface energies of the nucleus are
therefore given as

Substituting the energy estimates and the critical
helix length into eq 22 and using the relations ∆S )
∆H/Tm and ∆T ≡ Tm - T, the total activation energy
for the formation of the triple helix can be simplified as

Since the overall energy for a triple helix formation at
the critical length is zero (eq 15), the positive energy E
for the nucleation process implies a negative energy for
the wrapping process. Therefore, the nucleation process
is thermodynamically unfavorable and slow, while the
wrapping process is thermodynamically favored and fast
(see Figure 6). This is consistent with the assumption
that the nucleation process is slow and rate limiting.

With the activation energy given by eq 26 the rate
constant is derived as

where the two positive parameters A1 ) εub/3kT and
A2 ) (2-3R)(2σe + εub)/3kT are assumed to be temper-
ature-independent constants (because ub ∝ kT, eq 20,
and assuming an entropic σe ∝ kT). Equation 27
indicates that the rate constant K depends only on the
end surface energy σe and loop bending energy ub but
not on the enthalpy ∆H and entropy ∆S at a given

Tm
0 (°C) ) 35 + 0.18c (18)

ub ) 1
2
lpkT∫0

L (∂u(s)
∂s )2

ds (19)

ub ) 1
2
lpkT∫0

L 1
Rl

2
ds ) 1

2
lpkT∫0

2π 1
Rl

2
Rl dθ )

πlpkT
Rl

(20)

K ) B exp(-E/kT) (21)

E ) 2σe1 + εub + (∆H1 - T∆S1)l* (22)

Figure 8. Schematic comparison in a cross-sectional view of
hydrogen bonding in a triple helix and a two-stranded nucleus.

∆H1 ) R∆H with 1/3 < R < 2/3 (23)

∆S1 ) 2
3

∆S (24)

σe1 ) 2
3

σe (25)

E ) ε

3
ub + (23 - R)(2σe + εub)

Tm

∆T
> 0 (26)

K ) B exp(- ε

3
ub

kT) exp(-(23 - R)2σe + εub

kT
Tm

∆T)
) B exp(-A1) exp(-A2

Tm

∆T)
) B′ exp(-A2

Tm

∆T) (27)
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quench temperature. The thermodynamic quantity ∆H
or ∆S (recall that ∆S ) ∆H/Tm) only affects the
minimum stable helix length l* (eq 17).

Comparison of eqs 9 and 14 leads to the following
expressions that relate the rate constants with the
intercept and slope of the fit lines in Figure 5 (with ε )
1 and 0 for the first- and second-order reversions,
respectively)

The intercept K′1 in eq 28 corresponds to zero con-
centration and, hence, the single-looped, first-order
reversion, so eq 17 with ε ) 1 is used for l1

/. The slope
K′2 in eq 29 comes mainly from the contribution of the
second-order reversion, thus a value of ε ) 0 for
nonlooped helices is used for l2

/. Combining eqs 27-29
leads to the following relations

where B1 and B2 are the combined constants. It should
be pointed out that eqs 30 and 31 are only valid for
the low concentration limit because of the concen-
tration-dependent Tm. Plotting the normalized intercept
K′1ψ∆T/T and slope K′2ψ∆T/T logarithmically against
Tm/∆T should give two straight lines, whose slopes
determine the value of the end surface energy σe and
loop bending free energy ub. Figures 9 and 10 are such
plots corresponding to low concentration (with Tm ) 35
°C) in a quench temperature range from 5 to 17.5 °C.
The two straight lines have slopes of -0.55 and -0.28,
respectively, leading to the value of the end surface
energy and end loop energy for R ) 0.59 (see the

Appendix for the R value determination by optical
rotation modeling)

The minimum stable lengths of the first-order, single-
looped and second-order, nonlooped helices are calcu-
lated as

and

The end loop radius is deduced as

With the helix melting enthalpy18 - ∆H = 11 cal/g of
helix, or equivalently ∼1100 (cal/Å)/mol of helices, the
critical helix length, at a quench temperature of T )
20 °C and a melting temperature of Tm ) 35 °C, for the
single-looped and nonlooped triple helices is calculated
as 72 and 37 Å, respectively. In Figure 11, the critical
helix lengths at the early stage of helix conversion for
the single-looped helices of the first-order reversion and
the nonlooped helices of the second-order reversion are
plotted against quench temperature for the melting
temperature Tm ) 35 °C.

In addition to the helix lengthening effects, complica-
tions like network formation also prevent our simple
model from describing long time data. When a network
with high connectivity is formed, the coil segments
connecting the junction zones (formed by the second-
order helices) are stretched at high helix fraction. This
stretching leads to entropy loss of the coil segments, and
hence, an additional energy comparable to the loop
bending free energy of the first-order helices should be

Figure 9. Temperature dependence of the first-order rate
constant plotted in the form suggested by eq 30.

K′1 )
l1
/K1

ψlres
) 1

ψlres

2σe + ub

- ∆H
Tm

∆T
K1 for ε ) 1 (28)

K′2 )
l2
/K2

ψlresMres
) 1

ψlresMres

2σe

- ∆H
Tm

∆T
K2 for ε ) 0

(29)

K′1 ) B1

kTTm

-ψ∆H∆T
exp(- (23 - R)2σe + ub

kT
Tm

∆T) (30)

K′2 ) B2

kTTm

-ψ∆H∆T
exp(- (23 - R)2σe

kT
Tm

∆T) (31)

Figure 10. Temperature dependence of the second-order rate
constant plotted in the form suggested by eq 31.

σe ) 0.42
2 - 3R

kT ) 1.8kT (32)

ub ) 0.81
2 - 3R

kT ) 3.5kT (33)

l1
/ ) - 1.65

2 - 3R
kTTm

∆H∆T
) -7.2

kTTm

∆H∆T
(34)

l2
/ ) - 0.84

2 - 3R
kTTm

∆H∆T
) -3.7

kTTm

∆H∆T
(35)

Rl ) πkT
ub

lp ≈ π
3.5

lp ) 18Å (36)
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included in calculating the second-order helix length.
However, this extra energy only affects coil-helix
reversion at long times.

In addition to the concentration dependence of the
helix reversion kinetics, temperature is shown to also
affect helix reversion order. From eqs 10 and 11, it
follows that

Equation 37 indicates that the second-order reversion
becomes dominant when concentration is raised, be-
cause the coil concentration [C] is simply proportional
to the initial concentration, a result consistent with
Figure 5. Another implication of eq 37 is that for the
same concentration, the ratio of second-order reversion
to first-order reversion increases as temperature is
raised (smaller ∆T ≡ Tm - T), indicating that a larger
portion of the total converted helix is intermolecular at
higher temperatures. This result is consistent with our
separate study6 where lower critical helix fraction Xgel
is found at higher temperatures (where longer helices
are formed) for a gelatin solution of a given concentra-
tion to reach the gel point. The smaller number density
of helices required to reach the gel point at higher
temperatures demands more intermolecular helix for-
mation as temperature is raised.

Conclusions
We develop a simple model for the kinetics of the

thermoreversible triple helix formation, and derive
temperature and concentration dependences that are
markedly different from the predictions of the Flory and
Weaver model. A combination of first- and second-order
reversions was observed for the concentration depen-
dence of gelatin triple helix renaturation. This combined
reversion mechanism is interpreted as the formation of
single-looped triple helices in dilute solutions and non-
looped triple helices in concentrated solutions. The triple

helix end surface energy and loop bending energy are
estimated to be 1.8kT and 3.5kT, respectively. The helix
length of the single-looped helices is roughly twice that
of the nonlooped helices, and both are inversely propor-
tional to undercooling. The helix end loop radius is
estimated as 18 Å, comparable to the persistence length
of gelatin, 20 Å.
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VI. Appendix
The fits to eqs 30 and 31 in Figures 9 and 10 lead to

the following relations

The optical rotation at the initial stage (helix fraction
X ≈ 0) has been shown by our experiments to take the
following format

In terms of helix fraction X (eq 7), eq 40 is equivalent
to

where the first term accounts for the first-order rever-
sion, and the second term for the second-order reversion.
Here we have neglected a changing Tm in the prefactors
before the two exponentials as a result of the very small
error introduced (refer to eqs 30 and 31).

Equation 41 is only valid for the initial stage of helix
reversion (X ≈ 0). At longer times in the early stage,
the helix reversion equation should be

where X1 and X2 are the helix fractions created by the
first- and second-order reversions. In eq 42, the term
(1 - X1 - X2 - êX1 - úX2) is the coil fraction being
capable of making new nuclei of both the first- and
second-order reversions. We assume that when the first-
order single-looped helices are formed, the coil segments
contained in the loop are not capable of making new
nuclei. This coil fraction is proportional to the fraction

Figure 11. Critical helix length of single-looped and non-
looped helices at the early stage of quenching as a function of
quench temperature for an equilibrium melting temperature
Tm ) 35 °C.
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∆T

exp(-
0.28Tm

∆T )c0(1 - X1 - X2 -

êX1 - úX2)
2 (42)

10006 Guo et al. Macromolecules, Vol. 36, No. 26, 2003



of the single-looped helices êX1, with ê ) 2πRl/3l1
/, a

temperature-dependent constant. For the second-order
helix reversion, a local network of several molecules will
be formed with the helices acting as the junction zones.
The coil segments connected by the junction zones have
hindered mobility and are not capable of making new
nuclei. This hindrance comes from the fact that a
molecule is involved in several junction zones, and the
hindrance should be proportional to the fraction of the
molecule being involved in the helices. Thus, the coil
fraction not capable of making new nuclei as a result of
the second-order helix formation should be proportional
to the fraction of second-order helices úX2, with ú being
a universal constant valid for all concentrations and
temperatures. It is expected that ú > 1, because if half
of the gelatin molecule has been involved in making the
second-order helices, the remaining coil segments do not
have enough length to make new helices if the existing
helices are evenly distributed along the molecule.

Equation 42 can be simplified as a set of two equa-
tions

by denoting

The solution for this set of equations with the initial
condition X1(0) ) X2(0) ) 0 is solved as

The total helix fraction is then

with θ given by

Figure 12. Comparison of the prediction of the combined mechanism of first- and second-order reversions with experimental
optical rotation for four gelatin concentrations quenched to different temperatures.

dX1

dt
) a(1 - θX1 - æX2)

(43)
dX2

dt
) b(1 - θX1 - æX2)

2

a ) 0.018 T
∆T

exp(-
0.55Tm

∆T )
b ) 0.003 T

∆T
exp(-

0.28Tm

∆T )c0

(44)
θ ) 1 + ê

æ ) 1 + ú

X1 ) - a2θt
bæ

+ a
bæ

ln((aθ + bæ) exp(aθt) - bæ
aθ )

(45)
X2 ) 1

æ(1 + a2θ2t
bæ

- aθ
(aθ + bæ) exp(aθt) - bæ

-

aθ
bæ

ln((aθ + bæ) exp(aθt) - bæ
aθ ))

X ) X1 + X2

) 1
æ

+
a2θ(θ - æ)

bæ2
t - 1

æ
aθ

(aθ + bæ) exp(aθt) - bæ
-

a(θ - æ)

bæ2
ln((aθ + bæ) exp(aθt) - bæ

aθ ) (46)
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The optical rotation, according to eq 4, is given by

The value of [R]collagen in eq 48 is -327 and the value
of [R]coil is given by eq 6. With the literature enthalpy
value -∆H = 11 cal/g of helix, based on DSC and optical
rotation measurements,18 and the persistence length
value of a gelatin coil lp = 20 ( 3 Å,36 eq 48 fits to the
experimental optical rotation data very well for the
universal fitting parameters R ) 0.59 ( 0.01 and æ )
2.37 ( 0.03 (or ú ) 1.37) for gelatin solutions at the
concentrations of 1.0, 2.52, 5.08, and 7.68 g/dL in the
temperature range ∼5-25 °C, as shown in Figure 12.
The melting temperature Tm for each concentration is
calculated using eq 18. All the fit lines have been shifted
horizontally for 10 s, in accordance with the tempera-
ture response retardation in the sample cell (see Figure
1), and vertically by a value equivalent to the initial
jump in optical rotation at 10 s after quench (this is
equivalent to shifting the origin of coordinates). A value
of ú ) 1.37 (æ ) 1 + ú ) 2.37) implies that at most ∼45%
of the gelatin can be converted to triple helix through
the nucleation process. Reversions higher than ∼45%
require a contribution from helix lengthening. Thus, a
fast helix growth region due to the nucleation process
will terminate before a helix fraction of ∼0.45 is reached
at low temperatures; thereafter, a slow helix growth
region caused by helix lengthening continues, and this
is often observed in the literature data. At high tem-
peratures, the lengthening rate is comparable to the
very low nucleation rate, and there is often no obvious
separation between fast and slow helix growth regions.
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