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Abstract

Background and Objectives—Photothermal (PT) responses of individual red blood cells
(RBC) to short laser pulses may depend upon PT interactions at microscale.

Study Design/Materials and Methods—A sequence of identical short laser pulses (0.5 and
10 nanoseconds, 532 nm) was applied to individual RBCs, and their PT properties were analyzed
at microscale in real time after each single pulse.

Results—PT interactions in RBC were found to be localized to sub-micrometer zones associated
with Hb that may be responsible for overheating and evaporation at higher optical energies. At
sub-ablative energies, a single short laser pulse induced irreversible changes in the optical
properties of RBC that stimulated the transition from a heating-cooling response to ablative
evaporation in individual erythrocytes during their exposure to subsequent, but identical pulses.

Conclusion—The PT response of RBCs to short laser pulses of specific energy includes
localized irreversible modifications of cell structure, resulting in three different effects: thermal
non-ablative response, ablative evaporation, and residual thermal response.

Keywords
pulsed laser; blood; bubble; photo-coagulation; photothermal; ablation

INTRODUCTION

Laser diagnostics, therapy, and surgery of various organs often involve red blood cells
(RBC) due to the high optical absorbance of hemoglobin (Hb) and high concentration in
many organs. For high optical energies such a response has a thermal nature and includes
heating and various secondary processes (conformational changes, denaturation,
coagulation, vapor bubble generation, shock waves, etc.). These phenomena are referred as
photothermal (PT) and depend upon the initial laser-induced temperature, which, in turn,
depends upon the laser parameters (wavelength, energy, and duration) and upon the optical
absorbance and bio-chemical properties of the target. It was found that PT effects in RBC do
not always correlate with the optical absorption spectrum of blood [1-18], because PT
interactions alter the erythrocyte properties at the cellular and molecular levels. It was also
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found that laser radiation can induce both transient and permanent changes in the absorbing
protein which influences the photodamage thresholds of Hb solutions and RBCs [1,2,5-7,9].
All these effects are directly related to the efficacy and safety of clinical applications of
high-energy laser radiation and were therefore examined carefully. Several explanations for
these phenomena have been previously suggested including a bathochromic shift of the iron
porphyrin complexes [1,6,7,10,19-21], transition of Hb from oxy-state into met-state
[4,6,7,14,22-24], changes in RBC shape [3,5-7,11,15], and protein aggregation and
denaturation [10,25-41].

Our understanding of laser-blood interaction (especially in the high-energy pulsed mode of
laser treatment) is still limited. First, most results are obtained using macrosamples of whole
blood or for Hb solutions and do not take into account the real-time dynamics and
heterogeneity of PT interactions at micro- and even nanoscale. Second, responses to pulsed
laser treatment are usually considered as the accumulated effects of multiple pulses and
without monitoring real-time changes of RBC or Hb during their irradiation. Third,
relatively long optical pulses do not allow the efficient administration of laser-induced heat
to the target because thermal losses due to heat diffusion require to increase optical fluence
in order to compensate them, and the same thermal diffusion also decreases the selectivity of
the thermal effect.

We hypothesized that the dynamic changes in the PT properties of RBC at microscale may
occur rapidly enough to influence the response of same RBC to a subsequent and identical
laser pulse. Such a set of consecutive effects may, in turn, influence the safety and efficacy
of laser therapy and surgery. In this work we studied the responses of single human RBC to
short individual laser pulses with sufficient temporal resolution in order to analyze the real-
time changes in the PT properties of intact human RBCs.

METHODS AND MATERIALS

Samples

Four types of samples were investigated: individual human RBC, stroma-free Hb from the
same erythrocyte sample (~95% pure solution of Hb), blood plasma, and a simple solution
of trypan blue dye. While our main sample represented single RBCs, we have applied
several controls: stroma-free Hb from the RBC lysate was prepared to test the effects on a
concentrated Hb solution in the absence of the cell membrane and other cytoskeletal
compounds. Blood plasma represented proteins present in whole blood without the strongly
absorbing red cells (albumin, globulin, and fibrinogen). This protein solution has practically
no optical absorbance at the wavelength of excitation, 532 nm. Dye solution represented a
non-protein optically absorbing solution.

Human RBC were obtained from fresh whole blood of male and female volunteers, which
was diluted with phosphate-buffered saline (PBS) (pH 7.35) by 450 times. Monolayers of
individual cells were studied in sealed chambers (S-24737 Molecular Probes, Inc., Eugene,
OR) between two parallel glasses slide base and cover slip. All measurements were done at
room temperature. Each individual cell was placed in the center of the laser beam and then
irradiated with a single laser pulse (Fig. 1).

The stroma-free Hb solution from RBC lysates was obtained from the same samples of
blood as described previously [42,43]. The advantage of this form of Hb over lyophilized
one in that the latter is oxidized and partially denatured itself. The RBCs were washed by
several centrifugations using NaCl buffer solution to remove plasma proteins and white
cells. Hemolysis of RBC was carried out by resuspending RBC in distilled water. The red
cell membranes were removed by centrifugation at 3,000 rpm for 60 minutes and the cell
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debris pellets were discarded. The supernatant containing Hb was then further purified and
made aseptic by passage through a 0.22 um filter (09-719A, Fisher Scientific, Pittsburgh,
PA). The concentration of Hb was varied by diluting the sample in various amounts of PBS
buffer. Stroma-free Hb was also studied in a sealed volume between two parallel glasses.
The vertical gap between the two glasses was maintained by adding spherical polystyrene
particles (Spherotech, Inc., Libertyville, IL) to the solution. A low concentration of 10 pm
particles provided the required gap (equal to particle diameter) between the glasses. Only
areas of solution without microparticles were irradiated by the pump laser pulse. In this case,
heated space was confined by the laser beam diameter, and by the vertical gap between slide
and cover glasses. We used the same samples of blood that were diluted two times with PBS
(pH7.35) to prepare the blood plasma. The diluted blood was centrifuged at 5,000 rpm for
10 minutes and supernatant was removed and used as the plasma control. Trypan blue
solution (T8154, Sigma, St. Louis, MO) was additionally purified with a 0.22 pm filter, was
diluted with distilled water, and was then prepared as described above. The optical
properties of all samples were verified with RedTide USB 650 spectrometer (Ocean Optic,
Inc., Dunedin, FL).

Experimental Setup

The PT effect of individual laser pulses was studied using the laser microscope developed
by us [44]. As a source of heat we used individual focused laser pulses (532 nm, 0.5 and 10
nanoseconds). Short laser pulse mode provides what is known as “thermal confinement
condition” [45], when all initial laser-induced heat stays within the individual cell and does
not dissipate outside. This allows the precise measurement and analysis of PT effects in
individual cells. A microvolume of a sample (or the whole individual cell) was exposed to a
single pulse with the diameter of 7 pm at the sample plane. Laser pulse fluence was
gradually varied with a polarizing optical filter and was monitored by simultaneous
detection of the pulse energy (with laser energy detector 11XLE4, Standa Ltd, Vilnius,
Luthuania), and of the pulse image (with CCD camera Luca S, And or Technology, Belfast,
Northern Ireland) (Fig. 1). The diameter of the beam was obtained from the image of the
laser pulse and the pulse fluence was determined as the ratio of the pulse energy to the pulse
area at the sample plane. Both durations were supposed to be short enough to prevent
significant thermal diffusion. Absorbance of a laser pulse generated local heating within the
cell or within the aperture of laser pulse in solutions. Depending on the initially induced
temperature, the sample responded by heating and cooling (due to thermal diffusion after the
termination of laser pulse) or, (when the laser-induced temperature exceeded the evaporation
threshold) by generating vapor bubbles. Both of these PT effects were detected optically
using the pump-probe thermal lens method [46] based on local heating creating a gradient of
refractive index. The latter was monitored with continuous He—Ne laser (633 nm, 10 ym
diameter at the sample plane, model 1135P, JDS Uniphase Corporation, CA, Milpitas, CA)
which was coaxially focused with pump laser pulses in the sample plane. Its axial intensity
at the exit from the sample was monitored with photodetector (PD510A, Newton, NJ) as the
PT time response of the sample [46]. PT responses for reversible heating-cooling and for
laser-induced vapor bubbles are very different and have specific shapes which allowed us to
identify and to quantify specific processes [46]. For the heating-cooling process, the
maximal amplitude of PT response is linearly proportional to maximal laser-induced
temperature of absorbing sample [46]. In a case of a laser-induced vapor bubble, the PT
response changes shape and its duration corresponds to the bubble lifetime and diameter
[46-49].

In each sample, PT responses to laser pulses were obtained separately for 20-50 different
cells (or microvolumes of solutions). The individual response represented one cell (or one

Lasers Surg Med. Author manuscript; available in PMC 2013 November 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lukianova-Hleb et al.

RESULTS

Page 4

point of solution) irradiated with the pump laser pulse of specified fluence. The evaporation
mode was characterized by the probability of bubble generation:

N
PRB=—
Ny )

where Nis the amount of bubble-specific PT responses and A is the amount of irradiated
objects. In case of treatment with multiple laser pulses, PT responses were detected for each
laser pulse.

To determine an ablation threshold, values of PRB were obtained at several pulse fluencies,
so that the one corresponding to PRB being 0.5 was defined as the bubble generation
threshold £0.5) for a given sample.

The relative change of optical absorbance K of the laser-treated microvolume of a sample
(or of an individual cell) was measured by monitoring the amplitude of the image /of an
additional low energy pulse (fluence about 10 puJ/cm?) at the same wavelength (532 nm) that
was passed through the sample collinearly with the excitation laser pulse (532 nm, 10 or 0.5
nanoseconds) before and after the excitation pulse. The images of the probe laser were
registered with a CCD camera and the coefficient K'was calculated as:

(IO_IbC)_(I]-_Ibcl)
IO_Ibc

K= x 100% (2)

where /y is the averaged pixel amplitude in the sample image before laser treatment, Ay is
the background signal for /y, / is the averaged pixel amplitude in the sample image after
laser treatment, /1 is the background signal for /. This coefficient allowed us to monitor a
relative change of the static component of optical absorbance of the sample volume that had
been exposed to the excitation laser pulse, and thus to independently monitor the optical
state of the sample.

PT Response of Red Blood Cells to Single Short Laser Pulses

We obtained the PT responses to single laser pulses (532 nm) of 0.5 and 10 nanoseconds
duration for individual RBC and for the several controls: stromal free Hb, blood plasma and
a non-organic optically absorbing solution of trypan blue dye. Unlike the cells, the controls
represented solution confined in the 10 um gap between two parallel glasses. The fluence of
laser pulses was adjusted experimentally to a level below the evaporation threshold for each
sample and was then gradually increased to and above the evaporation threshold. We
monitored the transition from the laser-induced heating (Fig. 2a,b) to the laser-induced
generation of vapor bubbles (Fig. 2c,d) through the process-specific shape of the PT
responses [46]. The only sample that did not return any signals in the full range of laser
fluences (up to 4 J/cm?) was blood plasma because this sample has <0.01 optical density at
532 nm (see Fig. 3). Protein components of the plasma have 200-fold lower concentration
compared to Hb and do not include light-absorbing pigments like the iron-porphyrin found
in Hb. Based on this result, we associated the obtained PT responses of RBC with optical
absorbance by Hb and the plasma samples were excluded from further studies.

Our observed PT responses represent the effect of laser excitation integrated over the whole
cell (or over the whole heated area of the Hb and dye solutions). Integrated cooling times (7)
were found to be similar for most of the samples (about 10-20 microseconds) and they were
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determined by the size of the heated object (g) and by the thermal diffusivity (&) of the liquid
environment. They can be estimated from the expression [45,50]:

d2

“oa ©

The rvalue (measured at the level of 0.5 relative to the initial maximum) estimates for
human RBCs with a diameter of 7-8 ym in isotonic buffer are in the range of 13-17
microseconds, which are close to the experimentally observed cooling times for the 0.5
nanoseconds and for 10 nanoseconds laser pulses. However, when we compared the bubble
generation threshold fluences for short and long laser pulses (Table 1), the situation
dramatically changed. This threshold corresponds to the specific temperature associated with
the onset of evaporation, and a vapor bubble can be detected through a shape-specific PT
response (Fig. 2c¢,d). The fluence threshold of vapor formation for a long 10 nanoseconds
pulse was found to be 2.5 times higher for RBCs, 1.9 times higher for stroma-free Hb, and
almost identical for the dye solution. In addition, we measured the probabilities (PRB) of
vapor bubble generation in individual RBC and in the solution of stroma-free Hb for both
pulses (Fig. 4). Under identical laser fluence, the bubbles were generated with a short laser
pulse but not with a longer laser pulse, as we observed both for the cells and their lysate.
These changes indicated that the increase of the pulse duration mainly influenced the bubble
generation conditions in the samples with localized optical absorbers (RBC) while the
homogeneously absorbing sample did not yield the dependence of the bubble generation
threshold upon pulse duration. The level of the laser fluence required for the bubble
generation depends upon the spatial scale of optical absorbance and heat release. When the
optical absorption occurs homogeneously over the whole volume of the sample, the
evaporation threshold does not depend upon the duration of the deposition of thermal
energy, assuming that the time of such deposition is much shorter than the thermal
relaxation time (which was close to 20 microseconds for RBC in our case). The threshold
fluence of the bubble generation begins to depend upon the duration of the laser pulse when
the thermal relaxation time becomes comparable to the pulse duration. For the pulses under
consideration this would mean the size of the absorbing target being in sub-micrometer
range. Our results indicated a strong difference in the evaporation threshold for 10 and 0.5
nanoseconds pulse both for RBC and for Hb solutions but not for the dye solutions. Earlier
we observed a similar effect for optically absorbing nanoparticles with even stronger
difference in the evaporation thresholds for the same laser pulses [51]. Therefore, we
assumed that optical absorbance by RBC might have been spatially very heterogeneous.

To check this assumption, we studied in detail the PT responses of RBC and of trypan blue
dye to the shortest available pulse of 0.5 nanoseconds. The shorter optical excitation
provided better temporal resolution for monitoring fast thermal processes. The PT response
of the trypan blue sample in Figure 5a showed heating and gradual cooling with the
characteristic cooling time being about 19 microseconds. However, in the case of RBC, we
observed an additional, short component in the response (Fig. 5b). While the characteristic
cooling time for RBC remained the same (about 15 microseconds) as for a long pulse, the
front of the PT response to 0.5 nanoseconds pulse yielded an additional short component
with a much shorter relaxation time of about 5 nanoseconds. Such a relaxation time was
shorter than the duration of the long excitation pulse and corresponded to the characteristic
size of a heated domain of about 136 nm (as estimated with the expression 3). The presence
of a short component in the RBC response indicated the localized nature of laser-induced
heating. This, in turn, may explain the difference in the evaporation thresholds for a long
and a short pulse (Table 1): the dissipation of heat from those nanodomains is fast enough to
decrease the efficacy of the energy deposition with a relatively long laser pulse (like 10
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nanoseconds in our case). These “hot spots” in RBC may act as the sites of vapor bubble
nucleation at the fluence level that is not sufficient for the vaporization of the bulk material.
These two results (dependence of the bubble generation threshold upon the pulse length and
the short-time component in RBC response) suggest that the spatial distribution of the main
optical absorber in RBC, Hb, can be quite heterogeneous at micro- and even nanoscale, with
the existence of the localized nanodomains with a high level of optical absorption at 532 nm.
The study of the biological and chemical mechanisms behind this result is beyond the scope
of this work. Here we would like to point out that this “localized” PT effect was observed
for a single, short laser pulse. With an increase in the pulse duration, the influence of local
high-absorbing zones decreases due to the effect of thermal diffusion, explaining why such
an effect cannot be observed with longer pulses or with continuous optical radiation.

The Response of Red Blood Cells to Multiple Laser Pulses

We monitored the PT responses of all four samples to the several identical laser pulses at the
three fluence levels and two durations of laser excitation: below the evaporation threshold,
close to, and above the evaporation threshold. The laser pulses were applied to the cells with
the variable delay (from 70 milliseconds to 100 seconds). The low fluence (heating)
responses were similar and reproducible for all pulses (Fig. 2a,b). The high fluence (bubble
mode) responses were also found to be rather similar, although the second response was a
little shorter due to the bubble-induced disruption of the cell [52] that caused leakage and
large dilution of Hb (Fig. 2c,d). These two situations were in line with current understanding
of laser-blood interaction. However, at the sub-threshold level of laser fluence, the second
laser pulse caused a response that was totally different from the response to the first laser
pulse (Fig. 6a,b): it changed from the simple heating (non-ablative) type to generation of a
vapor bubble (ablative), despite the identical laser fluences of each pulse. After several
additional pulses, there was a deterioration of the bubble-specific response until only
heating-type response was observed (Fig. 6¢), due presumably to complete the disruption of
RBC, dilution of Hb, and deterioration of the heme pigment (the disruption of the cell was
monitored optically through its bright field image). The effect of the transition from heating
to ablative evaporation after a single laser pulse was observed both for 0.5 nanoseconds and
for 10 nanoseconds pulses. Such a dramatic change in the response of individual RBCs to
high-intensity laser radiation has not been reported previously and required further
examination.

To examine this effect further, we measured the probability of the ablative (vapor bubble
type) response as a function of the number of laser pulses applied to the same object with 1s
intervals. The bubble generation probability rapidly increased from almost zero for the 1st
pulse (no bubble) to a high probability of bubble generation during the 2nd and 3rd laser
pulses (Fig. 7). We also found that this effect did not depend upon the time interval between
the pulses in the range from 0.07 to 100 seconds and thus the effect of the first pulse can be
considered irreversible. We also observed a difference between the probabilities after 0.5
and 10 nanoseconds pulses (Fig. 7a). Although the difference in the cell responses
developed in a more pronounced way for longer pulses, the general trend observed was quite
similar. The biggest difference was observed between the first and the second pulses, and
then the probability of bubble formation gradually decreased for the next subsequent pulses.
This means that major laser-induced modification of RBC occurred after the first pulse. To
understand the nature of the observed modification of the PT properties of the cells, we
compared four samples under identical laser illumination conditions: RBC, stroma-free Hb,
an absorbing dye and blood plasma (Fig. 7b). The fluences of laser pulses (532 nm, 10
nanoseconds) were fixed at specific levels for each sample level that was below the
threshold of bubble generation. The responses to the 2nd and the subsequent pulses differed
somewhat between RBCs and its lysate, stroma-free Hb also showed a marked increase in
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the probability of bubble formation after the 1st excitation pulse. In contrast, the solution of
strongly absorbing trypan blue dye yielded no such changes (Fig. 7b). No changes were also
observed for the plasma sample, but because of its lack of absorbance at 532 nm, no bubbles
are seen under any conditions. Thus, it appears that the first laser pulse and subsequent
heating to the sub-boiling temperatures stimulates irreversible modification of the light
absorbing properties of Hb in RBC. This effect appears to be specific for Hb or perhaps
heme proteins in general (including myoglobin and reduced cytochrome ¢, subjects of
another research), for example, by causing the irreversible changes of local concentration
and (or) alterations of the heme group and its optical absorption coefficient, which reduce
the evaporation threshold fluence. Since the volume of such an absorbing domain can be
rather small (10729 m3 and less or less than 0.01% of the cell volume), any local increase of
optical absorbance or concentration should not influence the cell-averaged values of the
corresponding parameters. To examine this hypothesis further, we performed additional
experiments with stroma-free Hb.

Photothermal Properties of Stroma-Free Hb Under Pulsed Laser Irradiation

We compared the PT responses of concentrated Hb and trypan blue samples as a function of
their concentration since the concentration determines an actual optical absorbance. First, we
measured the evaporation threshold fluence in a single pulse mode as a function of the
relative concentration (the level 1.0 was the level of the concentration of the previously
studied samples, Fig. 8a). Both samples yielded quite a predictable result: an increase in the
concentration reduced the bubble generation fluence thresholds and increased the
probabilities of bubble generation (Fig. 8b). An increase in the concentration of optical
absorber causes an increase in optical absorbance, which in turn increases the laser-induced
local temperature and generates bubbles at lower fluence.

We next monitored the relative change of optical absorbance of the sample at 532 nm as the
function of the fluence of the excitation laser pulse. The relative change of optical
absorbance was characterized by the coefficient of K'that was initially obtained as a function
of the sample concentration, as was done earlier for the bubble generation threshold and
probability. We observed an increase of K'with the concentration for both the samples (Fig.
9a). Positive values of Kindicated an increase in optical absorbance relative to that of the
initial sample (with the relative concentration being 1.0). Negative values of Kindicated a
decrease in optical absorbance. After validating this method and K, we studied its
dependence upon the fluence of single 10 nanoseconds laser pulses at sub-threshold range
(Fig. 9b). The exposure of the solution of trypan blue did not induce any changes in the level
of K'which remained at 1.0 in the full range of applied fluences up to its evaporation
threshold. This means that the optical absorption coefficient of the trypan blue dye did not
change after exposure to laser pulse at any level of fluence.

In contrast to the simple organic dye, the stroma-free Hb was studied at the two different
concentrations (initial and increased by 10%) and showed a significant dependence of the
coefficient K (that indicates the relative change in optical absorption) upon the fluence of
the pre-treating laser pulse. The relative change of optical absorption (K) of Hb increased
gradually with the increasing fluence of the initial pulse (Fig. 9b). This effect was found to
be irreversible and the values of K did not depend upon time delay (that was varied from 1
to 100 seconds.) between exposure to the excitation laser pulse and the measurement of K.
Furthermore, we additionally observed the influence of the Hb concentration on its optical
absorption coefficient (Fig. 9b). In the RBC lysate sample with 10% higher concentration,
the absorption coefficient became fluence-dependent at a lower fluence of the pre-treating
pulse. This implies that the modification of optical absorbance has a thermal mechanism,
since at a higher concentration of absorber, the same laser-induced temperature of
evaporation was achieved at a lower fluence of laser pulse.

Lasers Surg Med. Author manuscript; available in PMC 2013 November 11.
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The fluence threshold for effect of the first pulse on the absorption coefficient of stroma-free
Hb is 1.7-1.8 J/cm?2, which is lower than the bubble generation threshold for the same
sample (2.3 J/em?). These findings allowed us to assume that a single laser pulse at a fluence
level below the evaporation threshold irreversibly increased the local optical absorbance of
the Hb sample. According to Figure 8b, the increase in the concentration of the same sample
by 10%was sufficient to generate the vapor bubble during the exposure of the same area of
Hb solution to the second laser pulse.

The bubble generation threshold fluence for stroma-free Hb after the 0.5 nanoseconds single
laser pulse was measured as the function of the fluence of pre-treating pulse (Fig. 10). The
data clearly show that the bubble generation threshold fluence for a 0.5 nanoseconds pulse
also became fluence-dependent (Fig. 10). The threshold of the pre-treating fluence for this
effect was 1.5-1.75 J/lcm2. Comparing Figures 9b and 10 we have found that threshold
fluence of laser pulse that influenced optical absorbance was 1.7-1.8 J/cm? and threshold
fluence of laser pulse fro the bubble generation was 1.5-1.75 J/cm?2. Since these two
processes have quite similar thresholds, we assumed that they can be connected and involve
one mechanism related to the irreversible laser-induced changes in optical absorbance and in
the evaporation threshold fluence of Hb. These two results may directly explain the
previously described effect of the transition of the PT response of RBCs and stroma-free Hb
from the thermal type (during the exposure to the first laser pulse) to the evaporation type
(during the exposure to the second identical pulse) (Figs. 6 and 7). The first laser pulse
irreversibly increased optical absorbance and thus decreased the minimal fluence required to
evaporate the absorbing zone (in other words, it decreased the bubble generation threshold).
Such a modification was stable enough (for the times up to 100 seconds) so that by the time
of exposure to the next identical pulse the evaporation threshold was exceeded causing the
vapor bubble generation in the same sample. The above results can be considered as the
confirmation of our hypothesis about the laser pulse-induced irreversible modification of the
PT properties of RBC Hb.

The application of the subsequent identical laser pulses to RBCs revealed the onset of the
next set of changes after the generation of the first vapor bubble (Fig. 11).

We detected the PT response of a thermal type (Fig. 6a) during the first pulse, and the
evaporation type response (Fig. 6b) during the second pulse (Fig. 11). However, each
subsequent pulse induced bubbles with a shorter lifetime, and the bubbles completely
disappeared after 25-40 pulses and then only small amplitude thermal responses are
observed (Fig. 6¢). In contrast, such a transition from evaporative mode back to thermal
mode was not observed for stroma-free Hb, which continued to generate bubbles. Thus, the
loss of bubble formation during the third stage of the PT responses can be associated with
the disruption of the cell and dilution of the optical absorber, Hb, into the surroundings.

Finally, we found that the deoxygenation of Hb and the variation of the pH level from 5 to 8
did not influence laser-induced modification of the PT response after a single pulse.
Although these parameters influenced the bubble generation thresholds for the first pulse
(because these parameters are very sensitive to Hb and RBC state and, see Refs. [46-49,53—
56] for details, including bubble generation in non-Hb proteins), they did not influence the
nature of the laser-induced modification of the PT response after a single pulse.

DISCUSSION

Our results have that there are three different stages of the PT response of RBC to laser
pulses (Fig. 11):

1. Non-ablative thermal PT response during the first pulse (stage I).

Lasers Surg Med. Author manuscript; available in PMC 2013 November 11.
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2. Mechanically ablative vapor bubble generation during the next pulses (stage II).
3. Non-ablative residual PT response of relatively low amplitude (stage I11).

Pulsed optical pre-treatment of RBC changed its PT response from non-ablative after the
first pulse to ablative after subsequent pulses, even if the initial laser fluence was below the
ablation threshold. In order to understand the mechanism responsible for this “second pulse”
effect (that has never been reported previously), we have tried to estimate the laser-induced
temperatures increases in the RBC or stroma-free Hb solutions. Presumably evaporation
occurs when the laser-induced local temperature exceeds 100°C (Fig. 12, stage Il) and,
according to our data, this requires the fluence of 2.3 J/cm? for 10 nanoseconds pulse at 532
nm. Assuming an ambient room temperature of 20°C, the temperature jump is about 80°C.
Therefore, the threshold fluence of the first pulse effect (1.6-1.8 J/cm? in the same sample
of Hb) probably induces a proportionally lower temperature jump resulting in sample
temperatures of 75-83°C (Figs. 11 and 12, for stage I). In terms of biological temperature
thresholds, the latter estimate is close to the threshold for denaturation of oxy-Hb (that may
also be accompanied by Hb coagulation) [2,9,26,27,32,33,57]. Thermal Hb denaturation has
been reported to cause the formation of protein aggregates and Heinz bodies containing
hemichrome complexes [4] which, in turn, may further stimulate the aggregation of native,
non-denatured protein [5,6]. A similar effect was observed after a long (10 milliseconds)
laser pulse at 532 nm [7], however, the thresholds of the aggregation were higher (3.6-4.4 J/
cm?) than those in our results. This difference is readily explained by thermal losses in the
irradiated sample at the longer pulses.

In general, the shorter was the pulse, the higher the laser-induced temperature. This rule was
clearly demonstrated in our work by the reduced threshold or bubble generation to 0.5
nanoseconds pulse compared to 10 nanoseconds pulse (Table 1). The authors of [7] reported
this threshold to be above 4 J/cm?, and reported temperatures in the range of 80-90°C that
were close to our above estimates. Therefore, we suggest that the first pulse causes the
aggregation of Hb that increases its density and optical absorbance (Fig. 12). Thus, our
experimental observation of the localized nature of the PT responses (Fig. 5b) may be
considered as additional evidence of Hb aggregation into nanodomains.

The coagulation of Hb has also been shown to increase optical absorbance [9,28,58-60]. If
these processes take longer than the duration of the first laser pulse, the effect of this pulse
will be limited to heating but not to vaporization and ablation (as we observed). However, if
the aggregation develops by the time of arrival of the next laser pulse, the modified optical
density and absorbance of the sample may provide a higher temperature and vapor bubble
generation (Fig. 6b). This mechanism of laser-induced modification of Hb (and proteins in
general) is shown in Figure 12. The mechanism for increasing Hb concentration in the local
nanodomains can be different and may depend upon many variables such as transition from
oxy-Hb to met-Hm, hemin loss, aggregation, and precipitation [9,10,25-27,61]. A study of
these mechanisms is beyond the scope of the current work but will be pursued in future
work. Regarding the potential influence of the deoxygenation and transition from oxy-Hb to
met-Hb we may just note that photo- and thermally induced changes of Hb state were
reported not to significantly influence its optical absorbance at 532 nm [19-21,62].

In the evaporative (bubble) mode (stage I1) the vapor bubbles disrupt the cellular membrane.
which if the fluence is high enough can happen during the one/single pulse [8]). Cell lysis
will in turn lead to diffusion of the light-absorbing Hb from the cell causing a large dilution
of the absorbing species. Thus, each consequent pulse in this mode (stage 1) is absorbed by
the residual Hb, whose concentration is rapidly decreasing and, eventually, the extent of
absorption drops below the bubble generation threshold. This situation is what we refer to as
stage Il (Figs. 11 and 12) when the cell is destroyed, Hb is diluted into the surround fluid,
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and optical absorbance is markedly decreased. The concentration of Hb at this stage is much
lower than its intracellular concentration and, therefore, the laser-induced temperature
elevation during stage 111 is much lower than during stage | (compare Fig. 6a and c). We
estimated the laser-induced temperatures during this stage based on the relative amplitudes
of the PT responses in stage 111 versus stage | (Fig. 6a vs. c), and they were found to be
much lower with a maximum temperature of <50°C.

The small irradiated volume of the sample did not allow us to monitor dynamically the
absorption spectra of such a sample. We modified the pump-probe method (as described in
the Methods and Materials Section) to provide the time-resolved monitoring of optical
density of the microvolume at the excitation wavelength of 532 nm. Also, we were able to
detect and to differentiate such transient events as the generation of vapor bubbles and laser-
induced heating. Additional monitoring of optical density at the excitation (pumping)
wavelength of 532 nm (which almost coincides with one of the maximums of Hb optical
absorbance) provided independent control of the optical properties of the sample.

We suggest that the mechanism (Fig. 12) that depends upon the temperature induced by the
first pulse and the pulsed laser treatment involving blood may follow several routes. (1) The
temperature is below the protein aggregation threshold (Fig. 2a,b), and the responses to the
first and subsequent pulses (or the response in single- and multi-pulse modes) are identical
and associated with non-ablative heating of the laser targets. (2) The temperature is above
the ablation/vaporization threshold (Fig. 2b,c), and the responses to the first and second
pulses (or the response in single- and multi-pulse modes) are also identical and associated
with ablation of the laser target that occurs during the first pulse. (3) The temperature is
above the protein aggregation threshold (70-80°C) but be low the ablation threshold
(100°C), and the responses to the first and second pulses (or the response in single- and
multi-pulse modes) are no longer identical, single-pulse mode is associated with non-
ablative heating and the subsequent pulses are associated with the ablation of the target that
is followed by the residual thermal impact after the target (RBC) is destroyed.

Although cases 1 and 2 have been well studied and documented with simple dyes, the
existence of the transient multi-stage zone (case 3) has not previously documented.
However, case 3 can be important for laser hyperthermia and surgerical methods because in
real tissue the spatial heterogeneity of the concentration of optically absorbing protein would
inevitably cause the heterogeneity of the laser-induced maximal temperatures that may
exceed the evaporation thresholds for case 1. Therefore, when ablation must be avoided, a
single-pulse mode is preferable and allows the delivery of the highest thermal impact. To the
contrary, when ablation has to be achieved, the multi-pulse mode allows for operating at
lower energies and temperatures although is limited to a certain number of pulses.

CONCLUSIONS

We conclude that a single short laser pulse at fluence level below the evaporation threshold,
but above the threshold for protein denaturation and coagulation, may irreversibly change
the PT properties of RBCs (and concentrated Hb solutions) causing the transition of the cell
response from a non-ablative heating mode to an ablative bubble generation mode. This
“second pulse effect” was verified for pulse durations from 0.5 and 10 nanoseconds at 532
nm and was not observed for optically absorbing dye solutions where denaturation and
aggregation of the pigment does not occur. Furthermore, we discovered that the PT
interactions that cause Hb denaturation in RBCs include formation of small zones of
nanosize (about 136 nm) of presumably aggregated Hb that may be responsible for localized
overheating upon exposure to subsequent laser pulses and for irreversible modification of
RBC. These findings influence laser medicine suggesting two opposite modes of high-
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energy pulsed laser applications. The non-ablative applications may benefit from a single-
pulse mode assuming relatively high optical energy without the ablation of RBC. Ablative
applications may be realized at the decreased optical energies by employing a multi-pulse
mode.
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The microscope-based set up for a short-pulse treatment of individual cells and solutions and
for optical detection of their photothermal responses and for measuring their optical density.
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Fig. 2.

Photothermal responses of RBC to the laser pulses (532 nm, 10 nanoseconds) at three
different fluence levels as obtained with the probe laser beam: Low fluence (0.8 J/cm?): (a)
response to the first pulse shows heating (sharp front) and cooling after the pulse termination
(not shown in full), (b) response to the second identical pulse shows an almost identical
response; high fluence (2.5 J/cm?2): (c) response to the first pulse shows an ablative vapor
bubble, (d) response to the second identical pulse shows an almost identical response (the
bubble); intermediate fluence (2.0 J/cm?2). Cooling tails of the responses shown in (a) and (b)
are not completely shown because of the cooling time of about 10 microseconds.
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Fig. 3.
Extinction spectra of trypan blue solution (1), RBC lysate (2), blood (3), and blood plasma
(4). Vertical line corresponds to wavelength 532 nm.
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Fig. 4.

The probability of the generation of laser-induced vapor bubbles in RBC and their lysate as
a function of the fluence of short (0.5 nanoseconds) and long (10 nanoseconds) single laser
pulses: m, RBC, 0.5-nanoseconds laser; O, RBC, 10-nanoseconds laser; @, RBC lysate, 0.5-
nanoseconds laser; o, RBC lysate, 10-nanoseconds laser.
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Fig. 5.

The photothermal responses of trypan blue dye (a) and an individual RBC (b) to a short 0.5
nanoseconds single laser pulse: Fronts of the responses are shown with high temporal
resolution, while the insets show the full time scale of the same responses.
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Fig. 6.

Photothermal responses of the RBC to the laser pulses (532 hm, 10 nanoseconds): (a)
response to the 1st pulse, heating (sharp front) and cooling after the pulse termination (not
shown in full); (b) response to the second identical pulse, generation of a vapor bubble, (c)
response to the pulse with the number >30.
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The probability of ablation (bubble generation) in the sample as a function of the number of
pulses applied to the samples for: (a) stroma-free Hb and two durations of laser pulses (7,
10 nanoseconds at 1.9 J/cm?; @, 0.5 nanoseconds at 0.8 J/cm?2); (b) RBCs (4 ), stroma-free
Hb (), blood plasma ( ), and trypan blue dye (o) solutions for 10 nanoseconds pulse
(laser pulse fluence was 1.7 J/cm? for RBC, 1.9 J/cm? for RBC lysate, 2.5 J/cm? for blood

plasma and trypan blue solution).
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The vapor bubble generation parameters as a function of the concentration of the solution of
RBC lysate ({J) and trypan blue (©): (a) threshold fluence for 10 nanoseconds single laser
pulse (532 nm) and (b) probability of bubble generation (laser pulse fluence 2.5 J/cm? for
trypan blue solution and 1.9 J/cm? for RBC lysate).
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Fig. 9.

Dgpendence of the relative change of optical absorbance K (532 nm) of RBC lysate (CJ) and
trypan blue solution (o) upon: (a) relative concentration of the solution (the sample
concentration was increased or decreased relative to the previously used levels), (b) fluence
of a single 10 nanoseconds laser pulse at 532 nm (7, stroma-free Hb; o, trypan blue
solution; m, stroma-free Hb with the concentration increased by 10%).
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Fig. 10.

Bubble generation threshold fluence in RBC lysate for a single 0.5 nanoseconds pulse (532
nm) as a function of the fluence of pre-treating single 10 nanoseconds pulse (532 nm).
Dashed lines show the bubble generation fluence threshold for 10 nanoseconds pulse
(vertical), and 0.5 nanoseconds pulse (horizontal).
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Fig. 11.

Bubble lifetime (m) and estimated laser-induced temperature (CJ) versus pulse humber at
fixed sub-ablative fluence level for RBCs, three modes of PT interaction are presented: I,
non-ablative thermal impact during the first pulse; 11, mechanically ablative vapor bubble
during the next pulses; 111, non-ablative residual thermal impact (laser pulse 10
nanoseconds, 532 nm).
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Fig. 12.
A three-stage mechanism for pulsed laser treatment of blood: I, initial non-ablative thermal
impact; Il, ablative impact; 111, residual non-ablative thermal impact. Stage I: absorption of
the first laser pulse by proteins induces non-ablative response (heating), but if the
temperature is above the denaturation and coagulation threshold it will cause local
aggregation of proteins and local increase of the concentration of proteins to the degree that
the absorption of the 2nd, identical laser pulse will result in vapor bubble generation and
transition to the ablative stage 1l; generation of the bubbles will disrupt the cellular
membrane and will thus eject light-absorbing protein out of the cell, reducing its
concentration below the ablation threshold and eventually terminating the bubble generation
and returning to the residual thermal stage (I11) with much lower temperatures than at stage
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TABLE 1

Laser Pulse Fluence Thresholds for the Generation of Vapor Bubbles (J/cm?2)

Fluence (J/cm?) for bubble formation

Sample 0.5 nanoseconds pulse 10 nanoseconds laser pulse
RBC 0.8 2.0
RBC lysate 1.2 2.3
Solution of trypan blue dye 2.6 2.7
Blood plasma No evaporation was observed  No evaporation was observed
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