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Abstract Temperature excursions of short duration are
useful in exploring the effects of stress on biological
systems. Stress will affect the conformation of biological
molecules such as proteins, which will lead to an effect
on their function. The feasibility of generating such
temperature excursions is demonstrated by solving the
heat diffusion equation for an aqueous layer on a silicon
wafer. The silicon is rapidly heated by a laser pulse and
also acts as a heat sink to quench the temperature rise.
An oxide layer was used to limit the maximum tem-
perature attained by the sample. We show that expo-
sures above a 50 °C benchmark can be confined to times
less than 5 ps.

Keywords Laser temperature jump - Heat diffusion
equation - Microwave radiation - Temperature pulse

Introduction

The proliferation of non-ionizing radiation sources,
particularly microwave sources, in the telecommunica-
tions industry has led to an increased interest in the
biological effects of microwave radiation. It is well
known that such radiation causes temperature rises
that have adverse effects on the functions of macro-
molecules like proteins (Durney 1985; Reilly 1998;
Repacholi and Cardis 1997). A number of researchers

Presented at the Australian Biophysical Society Meeting, 2001

B.C. Steel (0<) - M.M. Bilek - D.R. McKenzie
School of Physics, University of Sydney,
Sydney 2006, Australia

E-mail: bsteel@physics.usyd.edu.au

Tel.: +61-2-93515980

Fax: +61-2-93517725

C.G. dos Remedios

Institute for Biomedical Research,

Muscle Research Unit, University of Sydney,
Sydney 2006, Australia

have reported biological effects in the absence of a
measurable temperature rise (Belyaev et al. 2000; Cao
et al. 1995; Donellan et al. 1997; Harvey and French
1999; Repacholi et al. 1997). Experiments using both
continuous (CW) (Daniells et al. 1998) and pulsed
(J.A. Laurence, personal communication) microwave
sources have demonstrated that athermal microwave
exposure activates the heat shock response. This is
defined as the way the cell responds at the molecular
level to external stressors, such as toxins or extreme
temperatures. Activation of the heat shock response is
a strong indicator that microwave sources cause partial
unfolding of proteins within cells. There remains a
need for further research into the biological effects of
microwave radiation in the absence of a measurable
temperature rise.

Calculations by Laurence et al. (2000) showed that a
protein molecule is in thermal equilibrium with its sur-
roundings on the time scales required for unfolding,
since the energy of vibrational modes dissipates rapidly.
Because of this, it was suggested that protein unfolding
is induced by transient heating of the molecule and its
local environment. Microwaves are likely to cause
“hotspots” in particular parts of a cell, such as the
membrane (Liu and Cleary 1995). Such localized ab-
sorption could result in transient temperature rises
which would not be measurable, but would be sufficient
to induce protein unfolding (Laurence et al. 2000).

Analysis of this hypothesis requires knowledge of
the duration of a temperature rise required to cause a
conformational change in a protein. Experimental work
using laser temperature-jumps (T-jumps) and fluores-
cence or Raman monitoring has set a timescale for the
unfolding of the protein backbone in the sub-micro-
second range (Lednev et al. 1999; Thompson et al.
1997).

A determination of the length of time required for a
transient temperature excursion to permanently affect
protein structure requires an experimental arrangement
capable of both heating and cooling on a nano/micro
timescale.



Materials and methods

Exposure system

A number of conditions were identified as necessary to facilitate
rapid cooling. These were:

. Heating of a small volume.

. Proximity to a relatively large heat sink.
. Good thermal conduction.

. Large temperature jumps.
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It is difficult to accurately measure in situ temperature in small
volumes over short timescales. Accordingly, the temperature ex-
cursions were determined using a computer simulation.

A design that satisfies the above requirements is presented in
Fig. 1. The system is illuminated using a frequency-doubled Nd-
YaG laser, with a 5 ns pulse length. The laser pulse passes through
the coverslip and “aqueous solution”, and is absorbed by the sili-
con layer. A coating, such as silicon dioxide, can be deposited
between the silicon surface and the aqueous solution. Since the
volume heated is more than 100 times as wide as it is thick, mod-
elling this system involves a one-dimensional solution to the heat
diffusion equation. This allows the simulation to be reasonably
quick and accurate.

Modelling of temperature

A finite-element analysis technique was used to model the tem-
perature distribution. The system was broken into thin slabs, each
with a characteristic thickness and composition. Each slab was
assumed to be composed of either silicon, water, or glass, and to
have a particular temperature representing the centre of the slab.
Thermal conductivities and heat capacities were calculated at this
temperature using a linear interpolation between published values.
To reduce calculation time, after modelling the first microsecond of
thermal conduction, the values of the heat capacity and thermal
conductivity were not calculated for each iteration. To preserve
accuracy, they were recalculated before the associated error
reached 0.1% for any slab. This was small compared to uncer-
tainties in the published parameters.

Heat conduction between identical slabs, of thickness /, can be
calculated using the following formula:

0/4 =kATAt/1, At small (1)

Laser Pulse

Crorerelip (| Grlass )

140pm I
¥

Lupecnie Sohition

A050m Silizon

&+
¥

Smm

Fig. 1. Diagram (not to scale) of the experimental apparatus used
for the laser pulse experiments. A 1 um silicon oxide layer
(indicated by the heavy line) was deposited on the top of a recess
in the silicon in contact with an aqueous solution
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where Q is the heat conducted, A is the contact area, k is the
thermal conductivity, AT is the temperature difference between the
slabs and At is the time during which heat is conducted.

In general, for slabs with different thermal conductivities and
thicknesses, this is modified to:

0i/A4 = 2kik;,ATAt/ (kil; + k;1;) (2)

where subscripts i and j denote the i-th and (neighbouring) j-th
slabs.
The temperature rise of a slab is then determined using:

Ti(t+ At = Ti(t) = > O/ Alicp (3)

Jj=itl

where the summation is performed using both neighbouring slabs, ¢
is the heat capacity per unit mass, and p is the density.

We assumed an adiabatic boundary on the top glass surface,
and a 20 °C heat reservoir at the lower silicon surface. These
conditions had minimal effect on the modelling results, since the
heat did not diffuse significantly to the boundaries during the time
period for which modelling was performed.

The initial conditions placed the system at room temperature
(20 °C), and assumed room temperature absorption of 532 nm
light in silicon. For water and glass, absorption at this wavelength
is small enough that no significant temperature rise occurs
(<1 mK). Heat absorption was assumed to occur uniformly over a
5 ns period. Losses due to reflection at each interface were included
by reducing the absorbed energy accordingly.

The calculations were performed in MATLAB, which uses
matrix methods to improve calculation efficiency. Convergence of
the finite element analysis method was checked by doubling the
number of slabs (from 300 to 600) and shortening the time steps
from 25 ps to 2.5 ps. This produced a temperature distribution
identical to within 1% of the temperature change, throughout 70 ps
of simulation.

Evaluation of thermal conductivity and heat capacity

Thermal conductivities and heat capacities for the materials used
are known up to their melting points. Simple modelling demon-
strated that both the silicon and water layers reached temperatures
exceeding their melting points. However, experiments with pulse
energies up to 10* J m 2 showed no evidence of water evaporation,
while multiple exposures at this energy resulted in fracturing of the
coverslip, indicating bulk evaporation. This suggests that super-
heating of the water occurred for energies less than 10* J m 2.
Similar observations were made for silicon, with surface melting
observed under SEM for energies well above 10* J m 2, and slight
surface modification at energies near this value (see Fig. 2). This
represents the upper energy limit for accurate modelling.

Thermal conductivities and heat capacities are known for
superheated water. Values up to 370 °C were obtained from
Vargaftik et al. (1996). Since continuation of the trend in these data
results in unphysical conditions (such as negative conductivity, or
unrealistically high heat capacity), thermal properties above 370 °C
were set equal to those at 370 °C. Similarly, properties were held
constant for the other materials at temperatures above that for
which thermal properties are available. These are presented in
Fig. 3.

Pressure differences should equalize on a nanosecond timescale.
Given that features observed in modelling are on a microsecond
timescale, thermal properties used assume constant atmospheric
pressure.

Results

Figure 4 presents the temperature distributions in the
water layer at 0.5, 1, 2, 5 and 10 ps after a 2x10° T m™2
laser pulse. The successive curves show the water-silicon
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Fig. 2A, B. SEM images of the surface of a silicon wafer, following
laser exposure in the setup described in Fig. 1. A follows a single
10* Tm 2 laser pulse (crystallographic orientation 110). This
displays a fractured region of the wafer (note there is no surface
modification of areas distant from the fracture). No evidence of
melting was present. B follows 20 pulses at a 10 Hz repetition rate
(crystallographic orientation 100). Repeated pulsing was used to
simulate the effects of greater temperature excursions (and thus
higher pulse powers), each pulse heating the entire region by 6 °C
per pulse. Under these conditions the water layer partially
evaporated after 3-6 pulses, and the surface shows evidence of
melting. Fractures similar to those illustrated in A were also
observed (not shown)

interface cooling, and some of the heat diffusing from
the heated silicon into the water layer. Clearly, the
temperature profile of the water layer is highly non-
uniform. However, the region near the surface demon-
strates rapid cooling, dropping below 100 °C in 0.4 ps,
and below 60 °C within 2 ps. At this pulse energy, the
maximum surface temperature reached in the silicon is
approximately 600 °C.

Clearly, higher pulse energies produce a greater
temperature increase, and vice versa. However, the
temperature profiles are very similar regardless of pulse
energy, although their magnitudes are different. This is
true up to pulse energies around 5x10% to 10x10% J m 2,
where deviations become noticeable. Notably,
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Fig. 3. a Thermal conductivities and b heat capacities of materials
used in the simulation. At temperatures above which published
values are available, the last published value was used. Values for
glass are plotted only in the 0-100 °C range, since glass did not
exceed this temperature during modelling. The thermal conductiv-
ity of silicon is 100 times the values plotted in a, and the heat
capacity of water is 10 times the values plotted in b (Kaye and Laby
1995; Lide 1999; Raznjevic 1976; Vargaftik et al. 1996)

approximately equal volumes of water are heated in all
cases. Figure 5 plots the temperature profile of the slab
of water in contact with the silicon as a function of time.
This approximates the average temperature through a
50 nm slab centred 25 nm above the silicon surface.

The uneven temperature profile throughout the water
layer suggests that this technique would be useful in
circumstances either where an assay was available to
measure effects on only a small fraction of the exposed
macromolecules (those which happen to be in the heated
region), or where the macromolecules were fixed at a
precise distance from the silicon surface.

Figure 6A presents the temperature profile over time
0.5 pm from the silicon surface for pulse energies of 2,
2.5 and 3x10° J m 2. At this distance, there is no large
initial temperature spike. If a layer of macromolecules
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Fig. 4. Modelled temperature distributions in a water layer and
the top 3 %m of the silicon surface, at 0.5, 1, 2, 5 and 10 ps after a
2000 J m~ laser pulse
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Fig. 5. Modelled temperature distributions in the water in contact
with silicon over a time of 10 us. In modelling, each slab of water,
at the centre of which temperature is calculated, is 50 nm thick.
This plot shows the average temperature through the 50 nm slab
closest to the silicon surface. The two cases plotted are for heating
pulses of 2000 T m 2 (lower curve) and 5000 J m 2 (upper curve).
The relatively large time taken for the latter case to cool below
300 °C is a result of the high values of heat capacity of water above
370 °C

(such as a protein) could be fixed at this distance from
the silicon surface, then by varying the input power, the
time for which the protein is heated above a reference
temperature can be varied. This presents a unique means
of varying the timescale over which a protein is heated
above a reference temperature. Note that the maximum
temperature and the duration of the exposure are both
linked to the pulse power.

In general, fixing a layer of macromolecules a known
distance from the silicon surface will require a new layer
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Fig. 6. Modelled temperature distributions over time in water
A 0.5 pum from the silicon surface with no oxide layer present and B
at the water interface of a 1 um silicon oxide layer placed on the
silicon surface. In both A and B, three cases are plotted over 10 ps
for heating pulses of 2000 J m 2, 2500 J m 2 and 3000 J m 2. The
reference line at 50 °C is an arbitrary temperature at which a
protein may change conformation

to be placed between those macromolecules and the
surface. This layer may be either an aqueous solution or
a thin solid layer with properties different to those of
water. Silicon dioxide layers are commonly used in the
semiconductor industry as a highly adherent, electrically
insulating layer. A thin layer of silicon dioxide can be
grown on the silicon and macromolecules can be bound
to this surface. Such a layer could be created with any
desired thickness up to approximately 5 um by growth
under wet conditions (Meindl et al. 1977), and should
remain adherent following thermal shock.

Figures 6B and 7 demonstrate the temperature pro-
files with the presence of an oxidized layer one micron
thick. As in Figs. 4 and 6A, the temperature profile at
the oxide surface has a cooling time of ~5 ps, and the
time taken to drop below a reference temperature can be
varied by changing the laser power. For a protein that
unfolds at a critical temperature of 50 °C, Fig. 6 shows
that using a maximum temperature between 53 °C and
72 °C, any exposure time in the range 1-5 ps can be
obtained. This timescale remains significantly slower
than current estimates of protein unfolding rates
(Lednev et al. 1999; Williams et al. 1996). However,
these estimates are based on simple proteins, while
proteins with intermediate structures will unfold more
slowly. Note that the cooling rates are faster than
obtained previously. Variations in oxide thickness will
also have an effect on cooling rates, while reducing the
initial temperature will decrease cooling times; that is, if
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Fig. 7. Modelled temperature distributions in a water layer, a
1 um silicon oxide layer, and the top 3 um of the silicon surface.
Lines represent the temperature at 0.5, 1, 2, 5 and 10 ps following a
laser pulse of 2000 J m >

the system begins at 0 °C, then a temperature excursion
to 53 °C would exceed 50 °C for only 0.6 ps.

Conclusions

The heating profile of a macromolecule on a silicon
oxide surface can be controlled with maximum temper-
atures between 4 and 20 °C above a reference tempera-
ture, for periods of 1-5 ps. The magnitude and duration
of the temperature excursion in an aqueous layer can be
controlled by varying the laser power, surface oxide
thickness, and initial temperature. Effects of temperature
excursions on proteins could be analysed with tech-
niques such as single molecule fluorescence resonance
energy transfer (reviewed in dos Remedios and Moens,
1999) or motility assays (reviewed in Sellers 1999).
Variations to the experiment described may allow
cooling times in the sub-microsecond regime.

Such temperature excursions may be used to study
protein kinetics, and to assess the validity of the “hot-
spot” hypothesis for microwave radiation. Other possi-
ble applications for this technique would be to study the
effects of controlled temperature shocks on protein
functionality or macromolecular interactions.
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