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Abstract. Thermal transitions in biological tissues that have been re-
ported in the literature are summarized in terms of the apparent molar
entropy (AS) and molar enthalpy (AH) involved in the transition. A
plot of AS versus AH for all the data yields a straight line, consistent
with the definition of free energy, AG=AH+ TAS. Various bonds may
be involved in cooperative bond breakage during thermal transitions;
however, for the sake of description, the equivalent number of coop-
erative hydrogen bonds can be cited. Most of the tissue data behave
as if 10 to 20 hydrogen bonds are cooperatively broken during coagu-
lation, with one transition, the expression of heat shock protein, in-
volving 90 cooperative hydrogen bonds. The data are consistent with
AS=a+bAH, where a=-327.5]/(mol K) and b=31.47 X 10~% K.
If each additional hydrogen bond adds 19X 10% J/mol to AH, then
each additional bond adds 59.8 J/(mol- K) to AS. Hence, the dynam-
ics of irreversible thermal transitions can be described in terms of one
free parameter, the apparent number of cooperative hydrogen bonds

broken during the transition. © 2006 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.2343437]
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1 Introduction

In the early years of biomedical optics, the interactions of
lasers and light with biological tissues were first being ex-
plored. In the late 1970s and early 1980s, people were zap-
ping tissues with lasers and examining biopsies to see what
had happened. Investigators were working to lay the founda-
tions for understanding the interactions of lasers and light
with tissues. Professor Welch at the University of Texas at
Austin was one of the early investigators defining the photo-
chemical, photothermal, and photomechanical effects of laser
exposures. For this special issue dedicated to Welch, this re-
port will revisit the topic of thermal damage to tissues, in
which Welch conducted research, trained students, and had
significant impact during the formative years of our field.
Thermal coagulation of tissues is sometimes a desired
therapeutic effect, such as when coagulating a tumor using a
laser, and sometimes causes unwanted damage, such as the
collateral injury to normal tissue adjacent to the targeted tu-
mor. Thermal curing can be a desired procedure in the fabri-
cation of a biomaterial structure. For a variety of reasons, a
biomedical optical engineer is occasionally faced with the
need to estimate the time-temperature exposure that will cause
a thermal transition. Biological materials present a range of
thermal transition properties, ranging from the slow low-
temperature exposures that can inactivate thermally labile en-
zymes to the fast high-temperature exposures required to co-
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agulate collagen fiber bundles. Despite the variety of thermal
transitions encountered, most irreversible thermal transitions
involve simultaneous cooperative breakage of many bonds. A
variety of bonds may be involved (van der Waals, hydrogen,
ionic, disulfide, covalent) in thermal transitions, and the rate
of such transitions is characterized by the number of bonds
being cooperatively broken.

This paper summarizes published literature values on the
thermal coagulation properties of various thermal transitions
experimentally observed. The relationship between the molar
entropy, AS [J/(mol-K)], and the molar enthalpy, AH
[J/mol], of such transitions is explored. Such irreversible ther-
mal transitions in tissues include changes in optical scattering,
mechanical contraction, loss of birefringence and delayed ne-
crosis seen two days after thermal exposure.

2 The Basics of Thermal Damage

Consider a native form molecule (N) that can be converted to
a denatured form (D) (see Fig. 1). There is an energetic bar-
rier to such a conversion. The Arrhenius rate process descrip-
tion of irreversible thermal damage describes the process in
terms of a rate [A (s™!)] at which the native form molecule
moves to a transition state (N*) atop an energy barrier, N
— N, and a probability (exp[—E/(RT)] [dimensionless]) that
the molecule will convert from the transition state to the de-
natured state, N*— D. The symbol E denotes the activation
energy (J/mol) for the conversion. The factor R is the gas
constant [8.314 J/(mol-K)]. The T is temperature expressed
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Fig. 1 A native state molecule (N) moves to a transition state (N') at a
rate specified by kzT/h(s™") then either returns to the native state or
converts to an irreversibly denatured form (D). The free energy of the
transition from N to D is AG (J/mol).

in Kelvin (7=273.15+T-¢). The rate of conversion, k(s™!),
from N to D is given by the expression

k=Ae™HRD (1

If the initial number of native molecules is N, then the num-
ber of surviving native molecules as a function of time is

N(1) =N,e™ 0, ()

where

Q@) = f k(¢")dt'. (3)
0

The factor () is called the damage integral, which extends
from O to o, such that N(¢) falls from N, to 0. At any time, the
number of denatured molecules, D(r), equals the difference
N,—N(7).

The above formalism using A and E can be alternatively
expressed in terms of the molar entropy, AS [J/(mol K)], and
the molar enthalpy, AH(J/mol). The free energy, AG (J/mol),
associated with the transition from the native to denatured
form specifies the probability exp[~AG/(RT)]. The free en-
ergy is related to AS and AH

AG=AH - TAS. (4)

By convention, the rate at which molecules move from the
native state N to the transition state N* is assigned the value
kgT/h, where kg is the Boltzmann constant (1.381
X 1072 J/K) and h is Planck’s constant (6.626 X 10734 J-s).
This rate is 6.2 102 s~ at room temperature. It should be
emphasized that this is a convention, and the value of AS is
reliant on this assumption regarding the frequency of the tran-
sition N— N". Using this convention, the probability of tran-
sition is

k= kT GAS/R ,—~AHIRT) )

The values for A and E that characterize a thermal coagula-
tion process are experimentally specified in experiments in
which the rate of coagulation (k) as a function of exposure
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time (7) and exposure temperature (7) are determined.
The parameters A and E of Eq. (1) are related to the AS
and AH of Eq. (5)

A= MeAS/R

h >

E=AH. (6)

Although the convention that the native molecules sample the
transition state N* at a rate kzT/h is fraught with assumption,
the convention suggests that this rate of sampling is propor-
tional to temperature. In contrast, using A to interpret experi-
mental data assumes the sampling is independent of tempera-
ture. Note that the value of In(kzT/h) varies over 27.4 to 29.8
for T in the 40 to 140° C range. This temperature dependence
of the sampling frequency is not strong because the modest
range of temperature variation in most experiments results in
only a moderate change in temperature on the Kelvin scale (0
to 100°C equals 273 to 373 K). The value of A is influenced
more by the AS in the exponential term exp(—AS/R) than by
the linear dependence on temperature in the term kg7/h. So
whether one interprets experimental data in terms of A and E,
or in terms of AS and AH, one gets about the same answer.
The important lesson from Eq. (5) [or Eq. (1)] is that the
temperature-dependent component of k is determined by AH
(or E) and that the relatively temperature-independent compo-
nent of k is determined by AS (or A).

Experimentally, coagulation is observed to proceed as a
first-order process with the following form, in which an ob-
served parameter X is measured throughout a time period ¢ of
exposure to a constant temperature that determines the rate
constant k

X(1) =X(0) +[X(2) = X(0)][1 - exp(- k1) ]. (7)

The parameter X starts at an initial value X(0) and proceeds
exponentially toward a final stable value X(). Analysis of
the measured values of X(f) yields the rate constant k for a
given temperature 7. Repeating the experiment for different
values of T yields the temperature dependence of k.

A typical experiment might involve wrapping a thin tissue
slice in aluminum foil to keep its hydration constant, then
immersing the tissue in a hot water bath at a known tempera-
ture for a variable amount of time. After the allotted time, the
tissue is removed and an experimental measurement is made
that is sensitive to the degree of biomolecular aggregation that
follows denaturation and constitutes “irreversible coagula-
tion”. There are a variety of transitions that can be monitored
to indicate coagulation, for example, loss of collagen birefrin-
gence observed through a polarizing microscope, loss of en-
zyme activity, histologic evidence of necrosis seen two days
after thermal exposure, and changes in optical scattering. With
regard to optical changes, the coagulation of egg white and
the whitening of soft tissues such as muscle or liver during
cooking involves denaturation and aggregation of proteins
into light-scattering aggregates. The denaturation of collag-
enous tissue to yield gelatin involves the partial loss of the
collagen fiber bundle structure to yield a reduced-scattering
material.
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Fig. 2 Time course of irreversible coagulation process for various rate
constants, k(s™'). The x axis is the time of exposure at a constant
temperature and hence at a constant k. The y axis is a generic linear
measurement, X, of the degree of denaturation [measuring X(0) for
native biomaterial, and X(«) for denatured biomaterial]. As the tem-
perature of the water bath decreases, the value of the rate constant k
decreases from 0.2 s™" t0 6.4 X107 s, and the process of complete
denaturation increases from 10 s to 10 h.

Figure 2 shows the generic time course for irreversible
denaturation with various rate constants k. The thermal tran-
sition shown is a generic transition proceeding from a native
form to a denatured form. A measurement X(#) starts at X(0)
for native biomaterial and completes at X(o0) for denatured
biomaterial. While the transition is displayed as an increase in
the y-axis value X for progression from native to denatured,
for example, as scattering increases in a tissue during ther-
mally induced whitening, the figure could just as easily be
displayed as a decrease in the y-axis value, for example, as a
loss of birefringence due to thermal denaturation. The curves
in Fig. 2 are for various values of k. Recall that k (s™!) equals
1/(time of exposure) at constant temperature required to
achieve 1—1/e or 63% completion of an irreversible thermal
transition. As the temperature decreases, k decreases and the
time required for complete coagulation increases. On a linear
time scale, these curves are obvious exponentials. On a loga-
rithmic time scale, the curves look like sigmoids, which slide
on the time scale as k is varied but do not change their shape.

3 Summary of Experimental Results from
Literature and Unpublished Work

Typical values of AS and AH for examples of thermal coagu-
lation are listed in Table 1 (Refs. 1-3). References 1-3 are
from Welch’s laboratory. If data were reported as A and E,
then AH was set to E and the A was converted to AS assum-
ing T=50°C and using Eq. (6). As mentioned above, this
assumption of 7=50°C is not critical to the final value of AS.
Using Eq. (4), the values of AS and AH in Table 1 typically
yield a value of AG equal to about 100X 10° J/mol for the
thermal transition over the range of 40 to 80°C.

The rate constant k for each example varies as a function
of temperature. It is common to consider the exposure time #(,
(s) required to achieve 1=1, which corresponds to exposure
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time tn=1/k, as a function of the temperature. Figure 3 plots
the threshold exposure time versus exposure temperature
curves for the several examples of coagulative transitions in
Table 1. Each line serves as the threshold for coagulation. For
example, at a given exposure temperature as the exposure
time increases, one crosses the threshold from the lower left
region labeled “no effect” into the upper right region labeled
as “coagulation”. Similarly, at a given exposure time, increas-
ing the exposure temperature causes one to cross the line from
“no effect” into the “coagulation” region. The more structured
the structure being coagulated, the more bonds that must be
cooperatively broken to achieve coagulation, and the more
vertical is the threshold curve. The larger magnitude of en-
tropy (AS) and enthalpy (AH) in the exponents of Eq. (5)
leads to a sharper transition. An extreme example would be a
crystal, which would be portrayed as a vertical line at the
melting temperature of the crystal. The less structured the
molecular structure to be denatured, the more horizontal is the
curve since the magnitudes of AS and AH are lower.

4 Common Energetics of Experimental Data

Figure 4 plots the AS versus AH for all the thermal transitions
in Table 1. The experimental data suggest that the entropy AS
released by denaturation of a molecular structure involved in
an irreversible thermal transition is to a first approximation
linearly related to the enthalpy AH of the transition. This
interpretation is consistent with the definition of AG in Eq.
(4) if the types of bonds being broken involve a common
incremental order asserted per unit enthalpic bond energy. Al-
though several types of bonds may be involved in cooperative
bond breakage, the constant ratio suggests that a convenient
convention can be used for simple description, that is the
equivalent number of hydrogen bonds being cooperatively
broken during a transition. Hydrogen bonds are common in
stabilizing proteins and other biomolecules, therefore the hy-
drogen bond is used for this convention. Figure 4 shows a
linear fit to the AS versus AH data, based on transitions 1 to
22 shown as circles, but excluding the six data (23 to 28) at
lowest AH shown as diamonds that deviate from this linear
relationship. The molar entropy AS is linearly related to the
molar enthalpy AH

AS=a+bAH, (8)

where a=-327.5 [J/(mol-K)] and b=31.47X10"* (K7).
The value of AH for breaking a single hydrogen bond is ap-
proximately 19X 10? J/mol. Therefore, the value of AH for a
thermal transition involving n hydrogen bonds being coopera-
tively broken is

AH =n(19 X 10’ J/mol). 9)

Along the x axis in Fig. 4 is a scale indicating the apparent
number of hydrogen bonds (1) being cooperatively broken
during the thermal transitions. The significance of the slope b
is that 1/b denotes a special temperature, here called 7, at
which any change in the number of hydrogen bonds causes
balanced changes in the terms AH and 7,,AS, such that the
AG does not change. Hence the dynamics of the thermal tran-
sition do not depend on the number of hydrogen bonds. The
value of T,, can be expressed in degrees Celsius as T,
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Table 1 Thermodynamc parameters for thermal transitions from literature.

AS AH

No. Thermal transition Ref. [J/(mol-K)] J/mol)
1 Monkey retinal damage 1 1652 6.276x10°
2 Arterial tissue coagulation 2 974.8 4.300x10°
3 Egg albumen whitening 3 856.7 3.849x10°
4 Dog prostate whitening, scattering 4 -82.9 0.718x10°
5 Dog prostate whitening, absorption 4 2.40 1.010x10°
6 Necrosis of rat liver 5 392.3 2.219x10°
7 Whitening of dog prostate 6,7 277.4 1.866%x10°
8 Whitening of dog heart 8 510.0 2.596x10°
9 Whitening of pig liver 9 553.5 2.769x10°
10 Contraction of mouse dermis 10 996.2 4.251x10°
11 Collagen in lens capsule 11 2381 8.590%x10°
12 Rat tail collagen birefringence 12 831.2 3.676x10°
13 Retinal coagulation 13 596.7 2.900x 10°
14 Retinal coagulation 14 991.7 4.200x10°
15 Retinal coagulation 14 1764 6.700x 10°
16 Skin coagulation 15 1640 6.300x10°
17 Pig kidney whitening 16 906.3 3.996x10°
18 Pig kidney delayed necrosis 16 491.8 2.569x10°
19 Induce heat shock protein 17 5169 17.40x10°
20 Garlic allicin degradation 18 223.3 1.845x10°
21 Bacteriochlorophyll dimer P 19 530.0 2.678x10°
22 Bacteriochlorophyll dimer B 19 474.2 2.510x10°
23 “Inactivation of L-DOPA synthesis 20 590.0 1.160%x10°
24 “Prostate BPH coag. (dye uptake) 21 214.7 0.401x10°
25 “Prostate BPH coag. (histo) 21 192.7 0.384x10°
26 “Ovalubumin denaturation (using DSC) 22 1252 0.053x10°
27 “Kidney rf conductivity 23 420.2 0.570x10°
28 “°Kidney rf permittivity 23 305.4 0.480x10°
°Denotes data shown as diamonds in Fig. 4. Other data shown as circles.

=1/b-273.15 and equals 44.6°C. The x intercept where AS Figure 4 also showed six data (diamonds) at very low AH,

equals O equals —a/b, which corresponds to 5.5 hydrogen which deviate from the linear relationship between AS and

bonds. Apparently each additional hydrogen bond starting AH described above. These data, and other low-AH values in

with approximately the sixth bond begins to add order to the

' the literature that are not listed in Table 1, are quite variable,
structure of biomolecules.

Journal of Biomedical Optics 041108-4 July/August 2006 < Vol. 11(4)



Jacques: Ratio of entropy to enthalpy in thermal transitions...

1010 ]
x
- 105 Coagulation ]
=
9
E
@ 10° 7
g 0
4
w 5

10° s ]

20 40 60 80 100 120 140
Exposure Temperature [*C]

Fig. 3 Exposure time versus exposure temperature to achieve thermal
damage for various types of transition (e.g., necrosis, whitening, der-
mal shrinkage, collagen birefringence loss) in various tissues. (Num-
ber labels refer to Table 1.)

which suggests that the first few bonds in a biomolecule pro-
vide an initial amount of order to the molecule, while the
additional bonds, in the more ordered biomolecules involved
in the high-AH transitions of Table 1, provide a fixed addi-
tional degree of order per added bond.

Figure 5 shows the predicted behavior of exposure time
[1/k(s)] versus exposure temperature [ T(°C)], as was seen in
Fig. 3, for a varying number (1) of hydrogen bonds that must
be cooperatively broken to allow the irreversible thermal tran-
sition. The curves illustrate how changing the number of hy-
drogen bonds (1) causes the curves to pivot around a point of
constant exposure time (5.4 h) and exposure temperature
(T,,=44.6°C), which achieves irreversible thermal transition
regardless of the number of hydrogen bonds. Higher tempera-
tures require shorter times for transition, and lower tempera-
tures require longer times for transition, and the rates become
dependent on the number of hydrogen bonds involved. The
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Fig. 4 Experimental relationship between AS and AH. Plot of molar
entropy AS[J/(mol-K)] versus molar enthalpy AH (J/mol) for the ex-
amples of Fig. 3. The AS is linearly related to AH. Circles: data that
conform to the linear relationship. Diamonds: data that deviate from
the linear relationship.
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Fig. 5 Simulated relationship between AS and AH. Exposure time ver-
sus exposure temperature based on Egs. (8) and (9) for a molecular
structure held together by increasing numbers of hydrogen bonds, 5 to
90 bonds. Compare with Fig. 3.

curves approximate the behavior of thermal transitions sum-
marized in Fig. 3, but clearly there is variation in the experi-
mental data.

For transitions involving 10, 20, and 30 hydrogen bonds,
the threshold exposure times at 60°C are 11 min, 24 s, and
867 ms, respectively. This may seem counterintuitive, be-
cause more bonds might be expected to further stabilize a
biomolecule. However, added bonds increase both entropy
and enthalpy, making the biomolecule behave more like a
crystal with a sharp threshold melting temperature. At high
temperatures, more bonds cause more rapid denaturation. The
expected effect of more bonds is better seen at temperatures
below Teq:44.6°C. For transitions involving 10, 20, and 30
hydrogen bonds, the threshold exposures at 43°C are 7.8 h,
11 h, and 16 h, respectively. Now, the increase in bonds is
indeed stabilizing the biomolecules.

5 Discussion

The fact that all the thermal transitions reported for tissue fall
on a common line indicates a consistent increment in order
per additional stabilizing bond, such that the ratio of AS/AH
for added bonds is constant. As a convenient convention, one
can cite the equivalent number of cooperative hydrogen bonds
involved in a thermal transition. This is only a convention,
since other types of bonds (van der Waals, ionic, disulfide,
covalent) may be involved yet yield the same AS/AH ratio.
So it should be emphasized that the tentative assignment of
the cooperative bonds to hydrogen bonds is only a convention
to provide an easily understood description. Then, only one
independent parameter affects the rate of the thermal transi-
tion, that is, the apparent number of hydrogen bonds coopera-
tively breaking. Hydrogen bonds have a AH of about
19 kJ/mol. The slope of Fig. 4 suggests that the value of AS
for breakage of a single hydrogen bond on average is
(19 kJ/mol)(b)=59.8 J/(mol-K). Therefore, the AS and AH
observed for a particular thermal transition in a particular tis-
sue can be summarized by the apparent number of hydrogen
bonds being cooperatively broken, as indicated in Fig. 4.
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Other factors may influence the AS/AH ratio. For ex-
ample, Wright et al.** discussed how axial tension applied to
collagen fiber bundles in tendons increased the entropy of the
denaturation, citing the early work of Weir” and the later
work of Chen et al.® Miles et al.”’ reported that the effect of
acetic acid on collagen molecule denaturation was to increase
the AS/AH ratio about 10%.

The simulations of Fig. 5 compare well with the experi-
mental data of Fig. 3, suggesting that thermal coagulative
transitions observed in biological tissues predominantly in-
volve cooperative breakage of 10 to 90 equivalent hydrogen
bonds, with most of the examples falling in the range of 10 to
20 hydrogen bonds.

The more hydrogen bonds involved in a thermal transition,
the sharper the transition, in other words, the exposure tem-
perature becomes more important than the exposure time. An
example of a sharp transition would be the thermal changes in
collagen of the lens [example 11 (Ref. 11)] which behaves as
if ~45 hydrogen bonds are cooperatively broken. The less
hydrogen bonds involved, the more horizontal is the transition
and exposure time becomes more important and exposure
temperature less important. An example of a more gradual
transition would be the degradation of the allicin in garlic
[example 20 (Ref. 18)] which behaves as if ~10 hydrogen
bonds are cooperatively broken.

Of special interest is the thermal transition with the highest
AH, example 19 (Ref. 17) in Table 1 and Fig. 3, which cor-
responds to the thermal transition that triggers the expression
of the heat shock protein hsp-70. This transition appears to
involve about 90 cooperative hydrogen bonds. The extremely
high values of AH and AS yield a very sharp thermal transi-
tion, the most vertical curve in Fig. 3. When temperatures are
just below T,, (~44.6°C), the trigger for heat shock protein
expression is the last transition to occur, the most resistant to
thermal transition. When temperatures are just above T, this
trigger transition is the first transition to occur, the most rapid
thermal transition. Therefore, the trigger hsp-70 expression
would be one of the first thermal transitions to occur if a
tissue is exposed to elevated temperatures. In other words,
this transition may serve as a “sensor” for the onset of thermal
damage that requires the protection afforded by increased heat
shock protein expression. It is worth noting that the senior
author of the Beckham et al. report, Jansen, trained as a
graduate student with Welch.

Not all tissues operate with such a simple behavior. The
simple first-order Arrhenius model of Eq. (1) would predict
that a thermal transition proceeds to its final state regardless
of the rate k involved (see Fig. 2). However, the optical
changes in dog myocardium [example 8 (Ref. 7)] achieve a
different final stable state dependent on the temperature used
to achieve coagulation. Higher temperatures held for 2 h
yielded higher final optical scattering. Lower temperatures
held for 2 h yielded lower final optical scattering. Hence,
there is a temperature-dependent path of coagulation. This is a
complexity not considered in the simple Arrhenius model.

Another example of complexity is the optical change in pig
liver during coagulation [example 9 (Ref. 8)]. The coagulative
transitions begin 10-fold sooner and end 10-fold later than
expected from the simple Arrhenius behavior shown in Fig. 2.
(The data in Table 1 for this transition in liver used the mid-
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point of optical change to determine the AS and AH.) How-
ever, the final state of fully coagulated liver is the same re-
gardless of the temperature used to achieve that change, in
contrast to the dog myocardium behavior cited above. The
liver’s behavior is consistent with a distribution of rate con-
stants k for a series of coagulative transitions, each with a
different AS and AH and each contributing only a portion of
the total optical change in scattering.

Note that the Arrhenius model predicts thermal damage
will occur when tissues are exposed to a low temperature such
as body temperature for a long time. The role of protein turn-
over and synthesis, cellular repair, and protective processes
must be considered when long exposure times are involved.
Theoretically, synthesis and repair could be treated as a re-
plenishment of the native form of the biomolecules involved
in the observed phenomenon. The protective processes, such
as heat shock proteins, might be treated as a change in the
apparent rate constant (k) for a transition.

Clearly, more work on thermal coagulation of tissues is
warranted. This report hopefully provides a conceptual frame-
work for predicting the expected behavior and guiding careful
design of future experiments. Because photocoagulation is
such a key application of lasers in medicine, our field of bio-
medical optics and laser interactions with cells and tissues
would benefit from more work on thermal coagulation, fol-
lowing the early lead of Welch.

In summary, the convention of choosing the apparent num-
ber (n) of hydrogen bonds involved in a thermal transition
specifies the AH, using Eq. (9). This AH value along with the
parameters a=-327.5 J/(mol-K) and b=31.47
X 107* J/mol are inserted into Eq. (8) to specify the AS of
the transition. This AH and AS are then used in Eq. (5) to
predict the rate of transition, k(s™'), as a function of the ex-
posure temperature. The threshold exposure time at constant
exposure temperature equals 1/k(s). In this manner, the dy-
namics and energetics of irreversible thermal transitions in-
volving cooperative breakage of bonds can be estimated. Such
an estimate is generally applicable to a variety of thermal
effects in biological tissues.
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