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On the Possibility of High-Precision Photothermal
Microeffects and the Measurement of
Fast Thermal Denaturation of Proteins

Gereon Hiittmann and Reginald Bimgruber

Abstract—The precision of laser-induced effects is often limited
by thermal and thermomechanical collateral damage. Adjusting
the pulsewidth of the laser to the size of the absorbing structure
can at least avoid thermal side effects and facilitates a selective
treatment of vessels or pigmented cells. Further extending the
precision of thermal effects below cellular dimensions by using
nanometer sized particles could open up new fields of applications
for lasers in medicine and biology. Calculations show that under
irradiation with nano- or picosecond laser pulses gold particles
of submicrometer size can easily be heated by several hundred K.
High temperatures have to be used for subceliular thermal effects,
because heat confinement to such small structures requires the
thermal damage to occur in extremely short times. Estimating
the denaturation temperature by extrapolating the Arrhenius
equation from a time range of minutes and seconds into a time
range of nano- and picoseconds leads to temperatures between
370 K-470 K. There is evidence that in aqueous media, due to
the surface tension, these temperatures can be generated at the
surface of nanometer sized particles without vaporization of the
surrounding water.

In order to show whether or not an extrapolation of the damage
rates over six to nine orders of magnitude gives correct data, a
temperature-jump experiment was designed and tested which al-
lows to measure denaturation rates of proteins in the millisecond
time range. Denaturation of chymotrypsin was observed within
300 ps at temperatures below 380 K. The rate constants for the
unfolding of chymotrypsin followed the Arrhenius equation up
to rates of 3000 s~1.

Index Terms—Laser medicine, microeffects, protein denatura-
tion, thermal effects.

I. INTRODUCTION

ASERS are used in a multitude of therapeutic applications

because of the high precision, which can be achieved in
destroying or altering tissue. This precision is normally limited
by the size of the laser focus and by collateral thermal or
mechanical damage. Tissue structures can be targeted either
directly by a tightly focused beam or by selectively marking
the target structure with absorbing dyes or particles which
extract the energy from a broad illuminating beam. With the
first approach, the precision is ultimately limited by light
diffraction. A focus size not smaller than half a micrometer
can be realized with visible light in a microscopic setup [1],
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{2]. For medical applications in vivo this precision is often
not possible. The second approach facilitates, in principle, a
much higher precision, which is only limited by the size of
the absorber and by collateral damage which may occur upon
irradiation. Moreover, simultaneously treating a large number
of target sites is possible by irradiating with a broad irradiation
beam.

By adjusting the laser pulsewidth to the thermal relaxation
of the target, the spatial extension of thermal damage can be
controlled. This was used for selective thermolysis of vessels
[31-{5] and selective coagulation or disruption of pigmented
cells [6], [7]. Laser treatments of ocular diseases, which rely
on a selective destruction of melanin containing cells, are
currently being tested in. clinical studies [8], [9]. To create
photothermal microeffects within subcellular or macromolec-
ular structures would open up new fields of applications for
lasers in medicine and biology. Even selective targeting of
single proteins could be possible with this approach.

The first part of this paper discusses the feasibility of
photothermal effects with subcellular spatial extension. Since
the denaturation kinetics at high temperatures is important for
extremely localized thermal effects, the second part of the pa-
per presents a temperature-jump experiment, which measures
denaturation rates with a high time resolution. Results of these
measurements with the protein chymotrypsin are reported.

II. FEASIBILITY OF HIGH PRECISION
PHOTOTHERMAL MICROEFFECTS

Prerequisite for localized thermal effects is the use of short
heating times. Energy should be applied in times shorter than
the thermal relaxation time T of the target structure [3], which
depends on its diameter d and thermal diffusivity a:

P
T 27a”

In tissue or water microsecond laser pulses are necessary to
confine the thermal energy to 1 um (Fig. 1). Further decreasing
the damage range by two orders of magnitude to 10 nm
requires laser pulses in the picosecond range. Therefore, the
thermal effect at the target has to occur on this extremely short
time scale. The feasibility of high precision thermal effects is
related to two questions.

1) Is it possible to achieve thermal denaturation of

biomolecules within nano- or picoseconds?

M
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Fig. 1. Thermal and acoustic relaxation time of a spherical volumes of water

or tissue with diameters ranging from 1 nm to 1 mm. The shaded area shows
- the range, which is important for subcellular microeffects.

2) Is it possible to generate locally sufficiently high tem-

peratures by nanometer absorbing structures?

The first question is about the kinetics of thermal damage.
In principle, thermal effects can be caused by two different
mechanisms: phase changes at a certain threshold temperature
or a kinetic mechanism with damage depending on time and
temperature. Thermal damage of proteins, cells or tissues was
shown to be a process with a strong logarithmic dependence
of the damage rate k& on the temperature T, which can be
described by the Arrhenius equation [10]-{12]

E,

k(T) = Ag exp (-——RT)
Ap and E, are the two characteristic parameters for the denat-
uration process which are usually interpreted as a frequency
factor and an activation energy. R is the universal gas constant.
The extent of thermal damage is given by the damage integral
2 which can be calculated by an integration of k(T") over the
time-temperature history:

Q= / k(T) dt.

Proteins are the main targets for microeffects because they
play a key role in cellular processes and are responsible
for thermal damage in cells [13]{15]. Extremely high rate
constants k are necessary to create thermal damage in nano- or
even picoseconds. So far, no information is available whether
these damage rates can be achieved and which temperatures

2

®

would be needed, because data about thermal effects on-

proteins, cells and tissues were obtained in the range of
103-10~! s [10], [14]), [16]-[20]. In this time range, ex-
periments showed a strong temperature dependence of the
rate constants in accordance with the Arrhenius law. An
extrapolation of these data to higher temperatures suggests that
a thermal denaturation in 100 ps (damage rates of 1010 s—1)
should be possible at temperatures between 370 K—470 K
(Fig. 2). The bold part of the Arrhenius lines indicates the
range in which the Arrhenius parameters were measured.
These temperatures are well above the boiling point of
water at ambient pressure. Experiments have shown that an

evaporation at the surface of micro- and nanoparticles can
cause rapidly expanding vapor bubbles [21] and significant
mechanical damage [22].

Although this thermomechanical effect can be fairly local-
ized—selective damage of single cells has been demonstrated
[7], [22}—the collateral damage is more extensive than it could
be with a purely thermal mechanism.

Studying laser induced bubble formation at melanosomes
[23], a significant increase in the threshold temperature for
evaporation at the particle surface was observed. An explana-
tion for this effect is the contribution of the surface tension S
of water to the ambient pressure when a spherical bubble of
a diameter d is formed

S

ps = 4.

7 @

This additional pressure p, raises the temperature at which
water evaporates. A significant increase in the threshold tem-
perature for bubble formation is therefore expected for small
particles, since bubbles have to start with a size ‘equal or
smaller than particle size. In order to compare the temperatures
needed for thermal effects and bubble formation, the boiling
temperature of water (Th,oi1ing) at a pressure of p, + 1 bar was
plotted in Fig. 2 against the particle diameter (right ordinate).
Diameter and denaturation rates can be related via the thermal
relaxation time of the particle. For high precision microthermal
effects, laser pulsewidth, and heating time should not be
larger than the thermal relaxation time 7 of the particle. If
thermal properties of water are assumed, 7 can be easily
calculated by (4). Irradiating the particles, the temperature
must be high enough to create damage within 7. Therefore,
the rate constants for damage have to be at least 1/7. In
order to compare the temperatures for denaturation and bubble
formation, the axis of the particle diameter was scaled in such
a way that the reciprocal of the damage rate constants (left
ordinate) is the thermal relaxation time of a particle with the
given diameter. Thermal properties of water were assumed for
the absorbing structure and the surrounding medium.

In Fig. 2, the extrapolated temperatures necessary for ther-
mal microeffects in the different biological systems can be
compared with the expected threshold temperature for bubble
formation at different particle diameters.

For thermal effects with a spatial extension of centimeters
or millimeters, the tissue can be heated for minutes or seconds
and only moderate temperatures well below the boiling point
of water are required. For targeting single cells, the damage
has to be restricted to 5 to 10 pm, and the temperatures for
thermal damage and bubble formation are very close together.
Surface tension does not yet play a significant role. The
mechanisms of retinal damage after laser expositions with
different pulsewidths support this interpretation. Millisecond
and submillisecond exposures result in thermal damage {14],
whereas with single nano- and microsecond pulses mechanical
damage [8], [24] and bubble formation are observed. Thermal
damage of RPE cells with microsecond pulses is only possible
with repetitive irradiation utilizing the additivity of thermal ef-
fects to reduce the necessary temperature [6]. With nanometer
particles the surface tension should contribute significantly to
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Fig. 2. Arrhenius plot for thermal damage of different tissues (retina {14], skin [16], aorta {17}), cells {18}, and proteins [10], [20] (left ordinate). Lines
were calculated from the Arrhenius parameters A¢ and E, derived from measurements in the temperature range, which is indicated by the bold lines.
Boiling temperature of water (T}oiling) Was calculated considering the influence of the surface tensxon of water on gas bubbles of the given diameter

(right ordiante). See text for more information.

the pressure inside the bubble and a drastic increase in the
threshold temperature for mechanical damage is expected as
the particle size is reduced.

Although it is thought that nano- and picosecond laser
pulses are connected with photomechanical effects, the effect
of surface tension and the use of pulse series could allow
thermal effects with nanometer precision.

The second difficulty concerning thermal microeffects is
how to heat submicrometer volumes efficiently by laser ir-
radiation. This requires a high absorption cross section, an
efficient conversion of the absorbed energy to heat within the
laser pulsewidth and a high photostability of the absorbing
structures.

Calculations based on Mie scattering [25] and heat diffusion
show that nanometer-sized particles can be heated very effi-
ciently by laser irradiation. This is demonstrated for spherical
gold particles at a wavelength of 524 nm. Gold particles are
interesting candidates for investigating microeffects since their
optical and thermal properties are well characterized and they
can be coupled easily to antibodies or proteins. Although
gold is reflecting macroscopically, most of the incident light
nanometer-sized particles of gold are very efficient absorbers.
For particle sizes between 10200 nm the absorption cross
section o exceeds the geometric cross section A (3.2 times
at a diameter of 35 nm). Even at a diameter of 1 um the
absorption cross section is still half the particle cross section.
The ratio between A and the particle volume increases as
the particle gets smaller. Therefore, the density of absorbed

energy, which determines the particle temperature if heat
diffusion is neglected, increases if the ratio between o and A
is constant. This is no longer true for a diameter considerably
smaller than the wavelength of the irradiating light (<10 nm).
Here, the absorption cross section ¢ is proportional to the
particle volume [26] and therefore the density of absorbed
energy does not depend on the particle size.

Heat diffusion -was incorporated into the temperature cal-
culations by using an analytical formula for the temporal
and spatial temperature distribution in the surroundings of
a homogeneously heated sphere, which is embedded in an
infinite medium of different thermal properties [27]. The
surface temperature was calculated for a radiant exposure of
1 mJ/cm® and pulsewidths of 1 ps, 1 ns, and 1 us (Fig. 3).
The time-dependent solution was constructed for a rectangular-
shaped laser pulse [11], and thermal properties of water were
assumed for the surrounding medium.

With picosecond pulses a temperature increase of more
than 200 K per mJ/cm? is achieved for particle sizes between
10-100 nm. Only below 10 nm, heat diffusion reduces the
surface temperature significantly. With nanosecond pulses,
heat diffusion already starts to reduce the surface temperature
for particles smaller than 200 nm, but high temperatures can
still be achieved. Microsecond pulses are not adequate for
heating submicrometer particles because at reasonable radiant
exposures they are several orders of magnitude less effective
than nano- and picosecond pulses. Although the gold particles
are not necessarily heated homogeneously when irradiated, the
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Fig. 3. Calculations of the temperature increase on the surface of gold
spheres with different diameters (—). An irradiation with 1 mJ/em? at 524
nm was assumed. For comparison temperature increases caused by irradiation
of a single-dye molecule (molar extinction coefficient 106 A/~! cm~!) were
calculated in a distance from the molecule, which is half the particle diameter
(- - -). Both, particle and dye molecule were embedded in water.

nearly three orders of magnitude higher thermal diffusivity
of gold compared to water rapidly equalizes the temperature
distribution inside the particle.

Due to their metallic properties, photobleaching and ther-
malization of the absorbed energy are not expected to limit
the temperature increase. There is experimental evidence that
gold particles can even be melted in water by irradiation with
nanosecond visible light [28]. High irradiances of 1 GW/cm?
for picosecond pulses and 10 MW/cm? for nanosecond pulses
are needed for a temperature increase of 200 K. However,
these values are well below the threshold of optical breakdown
in water, which is 850 GW/cm? and 45 GW/cm? for 3 ps and
6 ns pulsewidths, respectively [29].

A dye molecule does not have the absorption cross section,
the fast thermalization of the absorbed energy and the pho-
tostability which are needed for thermal microeffects. Even
with a high molar extinction coefficient of 106 M~ cm™? the
absorption cross section is only 0.4 nm?, which is comparable
to that of a 1.8-nm gold particle. With a solution of the
heat diffusion problem for a point heat source [30], the
temperature increase at different distances from the molecule
was calculated (Fig. 3). At a distance of 1.5 nm from the
dye molecule and a pulsewidth of 1 ps, a radiant exposure
of 10 mJ/cm? is needed for a temperature increase of 100 K
and approximately 100 photons have to be absorbed by the
molecule during the laser pulse, if visible green light is used.

This requires an excellent photostability and relaxation
times of the excited states which are involved in the absorption
process in the range of femtoseconds. In general, the lifetime
of the first excited state is in the range of nano- or picoseconds.
The attempt to pump enough energy into the molecule within 1
- ps would, therefore, most Iikely result in a decrease in the ab-
sorption due to transient bleaching and an excitation to higher
states which probably leads to photochemical modification of
the dye molecule and of adjacent structures. It is therefore
expected that the attempt to create photothermal effects with
single dye molecules will eventually produce photochemical
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damage. Phiotochemical destruction of proteins was observed
with malachite green coupled to antibodies under irradiation
with nanosecond laser pulses [31], although malachite green
is very efficient in converting light to heat.

In conclusion, high temperatures can be generated on the
surface of gold particles under irradiation with nano- and
picosecond laser pulses with a radiant exposure of tens or a
few hundreds mJ/cm2. The crucial point for the feasibility of
thermal microeffects is the denaturation kinetics of proteins.
Therefore, an experiment was designed that allows the direct
measurement of the protein denaturation kinetics with submil-
lisecond time resolution. The basic idea is to instantaneously
heat a macroscopic volume of a protein solution and to

" track the denaturation of the proteins with the necessary

time resolution by optical means [32]. Such temperature-
jump experiments were successfully used in kinetic studies
using either light or an electric current to heat the sample
volume [33], [34]. Although protein dynamics has been studied
with nano- and even picosecond resolution [35]-[{37], little is
known about protein unfolding and denaturation at very high
temperatures.

III. MATERIALS AND METHODS

The setup for the temperature-jump experiment is shown in
Fig. 4. The protein solution was heated by infrared pulsed ra-
diation at 2.1 um from a self-built Holmium laser (CTH:YAG
with 300 us pulsewidth [38]). The infrared radiation is directly
absorbed by the water molecules and therefore complications
due to photochemistry which may by induced by high irradi-
ance visible light are prevented. The absorption of the 2.1-um
irradiation in water offers a good compromise between the size
of the probe volume and the necessary pulse energy [32]. With
this simple and reliable setup, temperature jumps of more than
80 K are possible. By means of a beam splitter, the emission
of the Holmium laser was coupled into two 600-um low-OH
fibers which delivered the IR pulses to the probe volume. The
exit surfaces of both fibers were positioned at a distance of
300 pm parallel to each other.

Denaturation of chymotrypsin was measured by observing
the changes of the UV absorption. Light from a deuterium
lamp was guided by a 200-um fiber to the probe volume.
This fiber was positioned perpendicular to both 600-um fibers.
After crossing the gap between these fibers, the UV light
was gathered by another 500-um fiber and directed onto two
photomultipliers (Hamamatsu) via a semitransparent mirror.
All fibers had a NA of 0.2 and were manufactured by Ceram
Optec. For each temperature jump, a fresh drop of protein
solution was suspended between the four fibers. Absorption
was measured at two wavelengths, which were selected by
dielectric filters in front of the photomultipliers (280-nm
bandpath, 30-nm bandwidth, Omega Optical and 320-nm
bandpath, 12-nm bandwidth, Laser Components).

At 280 nm, changes in the protein absorption due to denatu-
ration of chymotrypsin were measured [39], [40]. Transmission
changes measured at 320 nm, a wavelength at which chy-
motrypsin does not absorb, were used to correct for thermally
induced changes in the index of refraction. The normalized
signal at 280 nm (S2s0) depends on absorption changes Aa
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Fig. 4. Setup for the measurement of fast protein denaturation. The Holmium laser heats the small volume, which contains the protein solution via two fibers.
Denaturation was detected by changes of the UV-absorption, measured by two photomultipliers, which were equipped with UV bandpass filters.

of the protein solution, the path length d, and the transmission
changes A7 caused by variations in the index of refraction

Sago = exp(—Aad ~ ATzg). )

At 320 nm changes of the measured signal are only related to
temperature-induced transmission changes:

Saz0 = exp(—ATsz0)- ()]

AT was similar at both wavelengths and all signal changes
were small enough (<7%) to justify a linear approximation
of the exponential function. Hence, the difference of the
normalized signals was only given by the absorption change
Aa of the protein solution multiplied by the length d of the
probe volume -

S320 — Sa280 = Aad. )
Experiments with distilled water proved that by subtracting
Sagg from S390 signal changes not related to protein absorption
can be canceled nearly completely.

The fastest denaturation rate which could be measured was
limited by the slope of the temperature jump given by the
pulsewidth of the Holmium laser (300 us). The lowest rate
was limited by the cooling of the probe volume, which lasted
approximately 100 ms. Allowing for a temperature decrease
of only 5%, the time in which the denaturation of the proteins
can be followed, is limited to 5 ms. Therefore denaturation
rates between 100-3000 s—! can be measured with reasonable
accuracy.

.Chymotrypsin (Sigma) was used without further purifi-
cation. Because of the short absorption. pathway a rather

concentrated solution of 5 mg/ml was used. The pH was

adjusted to 2.5 by adding an appropriate amount of HCI.
The rate constants of the denaturation were determined by

fitting a sum of an exponential function and a constant to the

. measured absorption changes:

S = So(1 — exp(—~kt)) + ¢ ®)

The parameters Sy, k, and ¢ were adjusted by a nonlinear fit
algorithm in order to minimize the squared difference between
the measured data and the convolution of (8) with the shape
of the IR laser pulse. .

The temperatures were calculated from the IR energy which
was delivered to the probe volume and the absorption coef-
ficients of water which was measured to be 2.5 mm™'. The
energy of the IR pulses was measured by a pyroelectric energy
meter (Gentec). The temperature dependence of the water
absorption at 2.1 pm, which is less than 10% in the range
between 283 K—353 K {41], was neglected when calculating
the jump temperature. The accuracy of the calculated tempera-
tures and the homogeneity of the heating of the probe volume
were checked by the onset of vapor formation in the probe
volume when heated by the laser pulses above the boiling
point of water.

IV. RESULTS AND DISCUSSION

Denaturation kinetics of chymotrypsin was measured for
different temperatures between 330 K~370 K. After heating
the protein solution by the infrared laser pulse, a change in
protein absorption was observed that consisted of two phases
(Fig. 5). A rapid change within the time resolution of the
setup was followed by a further exponential decrease of the
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Fig. 5. Measured absorption changes of chymotrypsin (S320 — S2go) for three different jump temperatures. The signéls were measured on a fast (upper row)
and a slow (lower row) time scale. The length of the laser pulse is indicated by the bar at time zero. Note the different time scales for different jump temperatures.

measured signal. As the jump temperature was increased, the
exponential absorption change occurred faster and had a larger
amplitude. Measurements on a longer time scale revealed that,
to a certain degree, the absorption changes were reversible.
As the probe volume cooled down, the transmission increased
again, but did not return to its starting value. In Fig. 5, at a
jump temperature of 338 K, the absorption returned to 50%
of the temperature induced signal change, whereas at 356 K
only 20% of the absorption changes were reversible.

Denaturation of chymotrypsin is accompanied by a decrease
of UV absorption between 230-300 nm [39]. At low protein
concentrations this process is reversible and the protein can
fold back to its native structure with high efficiency. At
the high concentrations which were used in the temperature-
jump experiments the unfolded proteins aggregate and the
denaturation process becomes partly irreversible.

In experiments with chymotrypsinogen A which can be con-
verted to chymotrypsin by a bond cleavage, two exponential
components were observed in the denaturation kinetics [42].
They were attributed to the unfolding of the native protein
N and to the isomerization of a proline residue which gives
further unfolded species U’, with spectroscopic properties
similar to U [20], [43]. Even a simple model with only two
unfolded species U and U’ and an irreversible aggregation of
the unfolded proteins results in a quite complicated kinetic
model. The unfolded proteins may aggregate with U, U’ or
with the native form N

kiz ka3 N UU
N2URU +U Suwv . ©
k21 ka2 U U'N'

A complete analysis of the denaturation kinetics is quite
complex and beyond the scope of this paper. However, at the
high jump temperatures which were used in these experiments
the equilibrium between native and unfolded protein is far on
the unfolded side, which implies that k;2 is much larger than
k2. Therefore the back reaction from U to N can be neglected.
In this case the apparent rate constant k, which is calculated
directly from measured absorption changes, is similar to k2,
the rate constant for the primary unfolding step. The unfolding
rate k;o ultimately limits the time in which a denaturation can
occur. Back reaction, isomerization, and aggregation mainly
influence the yield of denatured proteins.

The origin of the fast absorption change during the laser
pulse is not clear. It could be the result of a fast additional step
in the unfolding process or of temperature-induced absorption
changes of chymotrypsin. Fitting an exponential function
according to (8) to the measured absorption changes S3z0 —
Sag0 gave the apparent rate constant k. In the range from
100 to 3000 s~1, in which reaction rates can be measured
quite accurately, the Arrhenius plot of the rate constants gives
a straight line (Fig. 6). The measured rate constants fit quite
well to measurements of chymotrypsin denaturation in the time
range of seconds and minutes [39], which are shown as solid
lines for different pH values in Fig. 6. Neglecting U, k is
determined by the sum of the rates for unfolding (k,2) and re-
folding (k21). At lower temperatures, k is therefore dominated
by k21, whereas at high temperatures the unfolding rate ki»
dominates the kinetics of the absorption changes. From the
laser temperature jump experiment and the low temperature
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Fig. 6. Arrhenius plot of the rate constants (e) measured by the temperature-jump experiment of chymotrypsin. The shaded area is the range in which the
denaturation rates can be measured with reasonable accuracy. For comparison, unfolding rates measured at lower temperatures [39] for three different

PH values (2.11, 2.33, and 2.51) are shown (—).

data, it can be concluded that for the first unfolding step of
chymotrypsin, the Arrhenius equation is valid at least up to a
time range of a few hundred microseconds.

V. CONCLUSION

The attempt to use the principle of selective thermolysis
in order to push the precision of laser induced tissue effects
into the macromolecular range, raises a number of interesting
questions regarding the denaturation kinetics of biomolecules,
the energy deposition in chromophores, pigments, and other
absorbers and the evaporation of water in nanometer sized
volumes. Thermal effects, which are localized on a nanome-
ter scale, require a heating of the target for only pico- or
nanoseconds. Hence, high temperatures have to be created in
order to speed up the rates of the thermal damage process.
The absorber, which is needed to transfer the energy from the
electromagnetic field to the target, must have a large absorption
cross section, subpicosecond thermalization of the absorbed
energy, and a very good photo- and thermal stability. It is

-expected that only solid-state absorbing particles (e.g., metal

spheres, melanin, graphite, or iron oxide particles) can be
used as such an energy acceptor for thermal microeffects. Dye
molecules do probably not have the required photostability
and will, therefore, rather produce photochemical damage
than photothermal effects. Calculations have shown that gold
particles are very efficient absorbers, which can easily be
heated by several hundred kelvin using nano- and picosecond
pulses of visible green light.

The general observation that by decreasing the heating
time of tissue structures from milliseconds to micro- and
nanoseconds, the damage mechanism changes from thermal
denaturation to mechanical damage caused by explosive evap-
oration, spallation, or shock waves, seems to speak against
thermal microeffects on a macromolecular scale. However, two

effects may help. First, the additivity of thermal effects allows
to apply multiple pulses repetitively and thereby to reduce
the necessary temperature without compromising the spatial
confinement of the thermal effects. Second, the surface tension
of water increases the threshold for evaporation considerably
as the particle size falls under 1 pm. This may open a new
window for localized thermal effects in the nanometer range.
Down to a particle size of a few nanometers, the acoustic
relaxation time is shorter than the thermal relaxation time, and
therefore damage by acoustic waves can be neglected.

One key issue for the feasibility of thermal microeffects
is the denaturation kinetics of proteins at high temperatures.
A comparably simple temperature-jump experiment allows to
follow directly the protein denaturation with a time resolution
of several hundred microseconds. Mechanisms of protein
unfolding and denaturation can be studied with this setup and
the validity of the Arthenius law can be tested. It was shown
that the unfolding of chymotrypsin follows the Arrhenius
equation at least up to rates of 3000 s~!. The denaturation
kinetics of more complicated systems like egg white can be
measured as well and, in principle, also tissue denaturation
could by measured, if it is connected to changes in optical
tissue properties. An improvement of the time resolution up
to 1 us seems to be possible by incorporating a Q-switch into
the infrared laser. This is the interesting time range for the
denaturation of proteins in cells and tissues, which are heated
by single melanosomes or by irradiating a tissue surface with
strongly absorbed pulsed irradiation (e.g., 193 nm or 2.9 um).

Photochemical, photothermal, or photomechanical effects
may be used to create localized damage. An inactivation of
proteins by laser induced radical formation is possible with
a damage radius of a few nanometer [44], by irradiating
conjugates of malachite green and antibodies. Photothermal
damage is an attractive mechanism for microeffects, since the
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damage range can be adjusted by changing the parameters
of irradiation. Photomechanical damage, which is caused by
shockwaves or explosive evaporation of water, will inevitably
cause collateral damage, and is, therefore, expected to be of
limited precision.

Future work will measure the threshold for evaporation at
the surface of nanometer particles and compare the results
with theoretical considerations based on the effect of surface
tension. The denaturation of proteins in the nanosecond time
range will be investigated with conjugates of proteins and
absorbing micro- and nanometer sized particles. Based on
data from these experiments it should be possible to predict
mechanisms and parameter ranges for thermal microeffects and
to investigate their potential in vitro and in vivo.
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