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Abstract

We report experimental study and detection of laser-induced micro-bubbles in individual live cells and in confined

micro-volumes of solutions. Using pulsed laser radiation (532nm, 10ns) as the source of local heating we detected

micro-bubbles in light-absorbing media that were caused at least by two mechanisms—heating of the media above

(more than 300 �C) critical temperature (referred as �hot� bubbles) and action of rarefaction pressure waves (referred

as �cold� bubbles) at much lower temperatures (30–150 �C). Bubble generation thresholds, probabilities of bubble form-

ing and bubble lifetimes were experimentally studied with two photothermal (PT) methods—thermal lensing and

PT-time-resolved imaging for human red blood cells, homogeneous solutions of haemoglobin, neutral red dye and

for suspension of polystyrene nano-particles.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Biological damage during laser–tissue interaction at

cell level is mainly associated with thermal phenomena.

Among them the bubbles are considered as one of the

most universal cause of cell damage [1–5]. Laser-induced

bubbles are usually generated due overheating (hot bub-

bles) of local light-absorbing targets above critical tem-

peratures (300 �C for water) [1,4–8]. Also the bubbles

can be induced by rarefaction waves [9,10] that follow

an absorption of short laser pulse [11–13] and such �cold�
bubbles may develop at temperatures much lower than

those for vaporization. For example the bubbles in eye

tissue were detected at 70–80�C [10]. As for a cell level

the conditions of generation of laser-induced bubbles
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still are rather unclear. Such situation is caused by tech-

nical problems related to quantitative measurement of

thermal and acoustic phenomena in individual cells

and in compatible micro-volumes. Experimental studies

of hot and cold bubbles were done mainly for macro-

samples that were not restricted by solid surfaces and

that were much bigger in size. Cells have such specific

features as very small heated volume (characteristic size

of light-absorbing volumes may vary from 10nm to

10lm) and they are usually confined by solid walls of

the sample chamber with non-absorbing fluid (this is

typical when cells are studied with optical microscopes

or flow cytometers). Also cells contain so many various

inhomogeneities, which may stimulate bubble nuclea-

tion. The goal of our work was to investigate the

conditions and potential mechanisms of generation of

micro-bubbles inside individual cells and in confined mi-

cro-volumes of solutions under action of pulsed laser

radiation and due to consequent non-stationary heat

release in light-absorbing volume. Several samples
ed.
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Nomenclature

C the heat capacity

N number of irradiated objects (number of

detected signals)

N2 number of bubble-specific signals

PR2 the probability of bubble occurrence

Rmin minimal optically detectible radius

Rp radius of particle

cv the heat capacity of water

cp the heat capacity of particle

rv the heat of vaporization

DT the initial temperatures induced in a sample

DTv difference between the vaporization temper-

ature and the room temperature.

a the light absorption coefficient of media at

the light wavelength

k the light wavelength

e the laser pulse fluence

e(0.5) bubble generation threshold

qp the density of particle

qv the density of water
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were studied: homogeneous media, nano-particles and

individual RBC. Homogeneous media and particle

suspension were used for modeling laser-induced ther-

mal phenomena in cells, as the properties of model sam-

ples are known much better than those for the cells.
2. Methods and materials

2.1. Sample preparation and experimental model

Bubbles were generated by irradiation the sample

(individual cell or some volume of homogeneous solu-

tion) with short focused single laser pulses with Gaussian

intensity profile (532nm, 10ns duration at the level 0.5 of

maximum, 7lm diameter at the level 1/e of maximum).

Such pulse parameters provided heat-confined condition

when all absorbed energy is released within the absorbing

volume before heat diffusion takes place. Photothermal

microscope previously developed by us [14] was used

for experiments. Four types of samples were studies.

(1) Individual red blood cells (RBC) were chosen as

the cells with strong and spatially uniform light absorp-

tion by homogenous solution of hemoglobin at 532nm.

Cell diameter is 7lm and thickness varies from 2 to

7lm. Cells were obtained from fresh whole blood by

its dilution with PBS by 450 times so that monolayer

of individual cells was studied in sealed chambers (S–

24737 by Molecular Probes Inc., Eugene, OR) between

two parallel glasses—slide and cover glass on top (Fig.

1(a)). Slide was fixed at microscope stage so allowing

positioning each cell into the center of laser beam. As

the laser beam covers whole cell, after absorption of

laser pulse the temperature in whole volume of the cell

increases for the time comparable to laser pulse front

(1–2ns). After laser pulse termination the temperature

of cell gradually decreases during 10–20ls due to heat

diffusion into surrounding solution.

(2) Solutions of the main RBC component—haemo-

globin (Hb) was also prepared as homogeneous media

from the same human RBC. Hb was separated from
other proteins by gel filtration and ion exchange chro-

matography techniques [15]. The lyzate was introduced

onto the chromatographic column with Sephadex G-

100 (Pharmacia, Sweden). Hb-containing fractions

were further purified on the chromatographic column

with DEAE-cellulose (Sigma, USA) [16]. Purity of

chromatographic fractions was verified with spectro-

scopic analysis. Selected fractions of Hb were combined

and dialyzed against PBS overnight. Finally the solu-

tion of Hb was centrifuged for 15min at 7000g for sep-

aration of any aggregates and then were used in

experiments.

Solution of Hb was studied as a sealed volume be-

tween two parallel glasses—slide and cover glass on

top (Fig. 1(b)). Vertical gap between the two glasses

was 6.8lm by using polystyrene spherical particles

(Spherotech Inc., Libertyville, IL) that were added into

NR solution. Low concentration of these particles of

specific size provided required gap (equal to particle

diameter) between the glasses. Only particle-free areas

of solution were irradiated by laser pulse. Prepara-

tion provided uniform absorption of laser pulse in

the sample volume and excluded any potential local

absorbers. In this case heated space was confined by

laser beam diameter and vertical gap between the

glasses.

(3) Homogeneous solutions with specified light

absorption coefficient were prepared by diluting neutral

red dye (NR) (Sigma-Aldrich Corp., St. Louis, MO) by

distilled water. Light absorption coefficient for each NR

concentration in the range 0.05–1g/L was measured with

spectrophotometer. The solution was studied as a sealed

volume between two parallel glasses (Fig. 1(b))—slide

and cover glass on top. Vertical gap between the two

glasses varied as 0.6lm and 6.8lm by using polystyrene

spherical particles (Spherotech Inc., Libertyville, IL)

that were added into NR solution. Low concentration

of these particles of specific size provided required gap

(equal to particle diameter) between the glasses. Only

particle-free areas of solution were irradiated by laser

pulse. For a bigger gap between the glasses—120lm—



Fig. 1. Scheme of samples for study RBC (a), solution Hb (b)

and suspension of nano-particles (c).
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we have used gaskets between the glasses (S–24737 by

Molecular Probes Inc., Eugene, OR). Additional filter-

ing of NR solution provided sufficient homogeneity of

this sample: first the solution was filtered through

0.22lm micro-pore filters and then it was additionally

centrifuged through 30kDa filters. Such preparation

provided uniform absorption of laser pulse in the sample

volume and excluded any potential local absorbers. In

this case heated space was confined by laser beam diam-

eter and vertical gap between the glasses.
(4) This sample was principally different—we have

prepared suspension of high-absorbing nano-particles

in water to model local strong light absorption. Polysty-

rene blue particles of the diameter 180nm, 390nm,

500nm (Spherotech Inc., Libertyville, IL) were prepared

in the same geometry as for NR solutions (Fig. 1(c)).

This type of sample was used as alternative to uniform

light absorption because real cells may include local

components with high absorption.

2.2. Detection of bubbles

Detection of laser-induced bubbles was performed

using two photothermal methods—PT-response and

PT-imaging with developed by us laser photothermal

microscope [14]. Thermal lens method [17,18] provided

registration of time-response (photothermal (PT)-re-

sponse) of the whole irradiated volume with temporal

resolution of 10ns and thermal sensitivity 0.5K. Heat-

ing–cooling process and the bubble produce different re-

sponses of specific shapes and in the case of bubble the

duration of PT-response indicates bubble life-time and

size [18]; PT-response was obtained by registering axial

power of C.W. probe laser (633nm, 0.1mW, 15lm diam-

eter at sample plane) that was coaxially focused into the

sample and after passing it was measured with aperture

photodetector. Detector output signal I(t) (Fig. 2) was

registered and analysed for recognition the bubble and

its lifetime. For time-resolved PT-imaging of laser-in-

duced bubbles we have used coaxial probe laser pulse

(640nm, 8ns, 15lm diameter at sample plane) that was

synchronized and delayed for 120ns relatively to the

pump pulse. So only the events that occurred 120ns after

pump pulse were illuminated and detected with CCD-

camera with 8ns integration time (Fig. 3).

In each sample 50–100 responses to laser pulse were

obtained so each response represented one cell or one

point of solution that was irradiated with only one pulse

at specified energy (fluence). Then the probability of

bubble occurrence was calculated as PR2 = N2/N, where

N—amount of irradiated objects, N2—amount of bub-

ble-specific responses [17,18]. The values of PR2 were

obtained at several pulse fluencies so that the one corre-

sponding to PR2 being 0.5 was defined as bubble gener-

ation threshold e(0.5) for a given sample.

2.3. Estimation of laser-induced temperatures

Initial temperatures that were induced in a sample

after absorption of short laser pulse (all energy is re-

leased within absorbing volume) were calculated as

DT ðx; yÞ ¼ aðx; y; kÞ eðx; yÞ
qC

ð1Þ

where a is the light absorption coefficient of media at the

light wavelength k (for RBC Hb concentration



Fig. 3. PT-image of solution NR (0.83J/cm2, 532nm, 0.1g/L)—on the left and RBC (532nm, 2J/cm2)—on the right.

Fig. 2. PT-responses at 532nm: (a) NR solution at concentration 0.9g/L, 0.97J/cm2; (b) polystyrene particles (180nm diameter), 2.7J/

cm2 ; (c) RBC, 3.7J/cm2.
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339.9 ± 16.8g/L [19], milimolar absorptivity of HbO2

13,000cm�1M�1 [20], a (532nm) = 135cm�1), q is the

density (for RBC—1092kg/m3), � is the laser pulse flu-

ence, and C is the heat capacity (for blood its value is

3770J/kgK). This expression was applied to homogene-

ous samples—RBC and NR solutions. For polystyrene

particles an absorption coefficient was unknown (not

provided by manufacturer and technically difficult to

measure for individual particles). So minimal tempera-

ture of individual particle was derived from the balance

of thermal energy that is required for vaporization of

water volume with minimal optically detection radius

(0.3lm—this is a diffraction limit for light microscope

with 20· micro-objective):

DT ¼ Rmin

Rp

� 1

� �3

� qvrv þ DT vcvqv

cpqp

 !
ð2Þ

where Rmin is the minimal optically detectible radius, Rp

is the radius of particle, qv is the density of water, rv is

the heat of vaporization, cv is the heat capacity of water,

cp is the heat capacity of particle (1.76kJ/kgK), qp is the
density of particle (1050kg/m3), DTv is difference be-

tween the vaporization temperature and the room

temperature.
3. Results

3.1. Thresholds for laser-induced bubbles

In all four studied samples the bubble-specific PT-re-

sponses (Fig. 2) and PT-images (Fig. 3) were detected

when laser pulse fluence reached for the following

thresholds e(0.5): for RBC—2.81J/cm2, for Hb—19J/

cm2 (at concentration 0.00015M), for NR—0.97J/cm2

(at concentration 0.9g/L), for the particles of the size

180nm—2.7J/cm2 (at concentration 0.2%). These

thresholds were measured as fluence values that corre-

spond to 50% probability of bubble generation during

laser-sample interaction. Shapes of PT-responses were

rather similar for cells, solutions and particles (Fig. 2)

reflecting the fact, that these responses are produced

by the bubbles regardless the sample. Bubble-specific



Table 1

Bubble probability PR2 as function of sample thickness

Vertical thickness

· 106/m

NR solution,

e = 5.8J/cm2

Particles (180nm),

e = 5.8J/cm2

0.56 0.03 0

6.8 0.48 0.44

120 0.88 1
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PT-response has negative symmetrical profile which

front describes bubble expansion and the tail describes

bubble collapse. Length of bubble-related signal varied

in the range from 0.2ls (Fig. 2) to 7ls (not shown). Vis-
ualization of the bubbles was accomplished with PT-

imaging method by illuminating the sample with probe

laser pulse of 10ns length and delay of 120ns. Diameter

of the bubble for RBC and NR and Hb solutions at this

stage (120ns) may be estimated (see Fig. 3) as 1lm.

Value of delay (120ns) seems to be shorter in compari-

son with the time when bubble radius reaches it�s maxi-

mum (400–600ns). Naturally at later times bubble

diameter would increase so that the bubble may easily

damage cell membrane. Unfortunately our experimental

set up did not allow gradual variation of time-delay be-

tween probe and pump pulses. Images of the bubbles ob-

tained for NR solution showed that several bubbles may

develop simultaneously (Fig. 3(a)). In homogeneous

media bubbles emerged in all area of the pump laser

beam. The diameter of the bubbles is much smaller than

that for heated volume (cell or laser beam). Number of

the bubbles observed after single pump pulse varied

from 1 to 4 with random location within the cell.

3.2. Bubble thresholds versus sample concentration

We have measured threshold fluence e(0.5) as func-

tion of mass concentration and of vertical thickness of

the sample for Hb and NR solutions and for suspensions

of particles (Fig. 4). Increase of mass concentration of

absorbing molecules resulted in natural decrease of

threshold fluence e(0.5) that reaches asymptotic satura-

tion level when induced temperature is not enough for

bubble generation, even if all laser energy is absorbed

and converted into a heat. Threshold-concentration

curves were quite similar for NR solution, Hb solution
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Fig. 4. Threshold fluence e(0.5) as function of mass concentra-

tion for NR solution (right) and for suspensions of particles of

the size 180nm (left).
and for suspension of the particles. Also the particles

yield another feature that was not found for molecular

solutions—low concentration asymptotic behavior. This

can be explained by discrete nature of the particles and

finite volume of laser beam in sample chamber: with

the decrease of particle concentration their amount with-

in this volume may reach zero (no particles within the

laser beam) so that no bubbles would emerge.

Increase of the thickness of absorbing volume (height

of sample chamber) caused increase of bubble genera-

tion probability PR2 both for solutions and suspension

of particles (Table 1). This means that in both samples

the mechanisms of bubble generation are volume-

dependent. Also we found no change of bubble genera-

tion probability and thresholds for RBC in sample

chambers of different height. This means that only

height of absorbing volume influences those parameters

of the bubbles but not the height of non-absorbing sam-

ple chamber.

3.3. Bubble lifetime versus laser fluence

The lifetime of laser-induced bubbles was measured

for all samples as function of laser pulse fluence (Fig.

5 shows the results obtained for RBC). Increase of ab-

sorbed laser energy (and consequential increase of local

temperature and pressure) caused an increase of bubble
0 1 2 3 4 5 6
0.0

0.5

1.0

1.5

2.0

2.5

t x
 1

06  / 
s

ε / J cm-2

Fig. 5. The lifetime of laser-induced bubbles as function of

laser pulse fluence for RBC.
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lifetime for all studied samples. Minimal detected life-

time was about 100ns and this is close to the detector

temporal resolution (about 30ns). Maximum lifetime

was about 10ls and this may be result of several oscillat-

ing bubbles. Therefore we may conclude about increase

of maximal bubble radius with increase of laser fluence

(increase of temperature). Also this function has thresh-

old nature: at fluencies below critical value no bubbles

were detected.

3.4. Reproducibility of the bubbles

We have studied reproducibility of the bubble gener-

ation when one cell or point of a solution is repeatedly

irradiated with several laser pulses. The second laser

pulse usually produced no bubbles in cells because they

were destructed with the first pulse. Same result was ob-

tained for low concentration of the particles when just

several particles were present in irradiated volume.

Apparently this is connected with thermal destruction

of those particles by first pulse. In NR and Hb solutions

and in suspensions of particles at higher concentration

the bubbles were reproducible (according to PT-re-

sponses and PT-images) during at least 50 laser pulses

with 1–3s interval. This case is similar to low concentra-

tion of particles and to cells in terms of laser-induced

temperatures: the damage of absorbing object will occur

regardless concentration of absorber. But in case of NR

and Hb solutions laser-induced heating may stimulate

some convection that would pull new material into irra-

diated volume during the pause between two pulses (1–

3s). Same process would deliver new particles into the

volume of laser-sample interaction when particle con-

centration is high enough.

3.5. Estimation of laser-induced temperatures

Using experimentally obtained threshold fluencies

and the expressions (1) and (2) we have calculated initial

laser-induced temperatures of studied samples (Table 2).

The temperatures of the particles were above critical

ones and are in line with current understanding of
Table 2

Laser-induced maximal temperatures in studied samples at

fluence corresponding to bubble thresholds

Sample e(0.5)/Jcm�2 DT/K

Solution NR 0.9g/La 0.97 31

Solution NR 0.05g/La 22 39

RBCa 3.7 91

Hb 0.00015Ma 19.1 184

P(180)b 18000

P(390)b 1750

a Here temperature was calculated with (1).
b Temperature was calculated with (2).
laser–tissue interaction as of selective local absorption

and heating above critical temperatures. This is clear

case for generation of thermal (hot) bubbles.

For RBC cells and especially for the solutions esti-

mated initial temperatures were lower than critical value

for water (above 300 �C) but the bubbles were detected

at the temperatures being even 10 times lower than crit-

ical temperature. Furthermore the temperatures given in

the Table 2 correspond to 0.5 probability of bubble gen-

eration. In same cells and solutions the bubbles were de-

tected at even lower laser fluencies (temperatures)

though at lower probabilities of their generation. Esti-

mates for NR solutions were similar to each other in

the whole range of concentrations (Fig. 4) and therefore

they not depend upon it. Similar result was obtained for

solution of Hb (Fig. 6). This means that in these solu-

tions the bubbles are generated through some mecha-

nism that works when some critical temperature is

reached. Potential explanation can be connected with ac-

tion of rarefaction waves—reaching for minimal nega-

tive pressure that is required for creating the cavity

requires some minimal temperature.
4. Discussion

Analysis of numerous PT-images of cells and solu-

tions showed that several bubbles may emerge simulta-

neously at different points. These points always were

confined by the cell membrane or by pump beam diam-

eter at sample plane in case of solution. The diameter of

the bubbles at 120ns delay was found to be much smal-

ler than that of the cell (for RBC) or of the laser beam

(for NR solution). Therefore the bubble nucleation oc-

curs around heterogeneities that are much smaller than

diameter of whole light-absorbing volume.

Closed glass chambers that are used for cell studies

have several sound-reflecting solid walls. For that reason
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acoustic signal that is induced by initial heating of absorb-

ing volume and by the bubble will nave many echo com-

ponents due to reflection from chamber walls. Also

small size of absorbing volumes and also of sample cham-

ber would result in very short (nano-second range) dura-

tion of acoustic bubble-related signals. Therefore acoustic

detection of the bubbles that is usually applied in similar

studies of macro-samples will require in our case very

good temporal resolution (sub-nanosecond range) of

acoustic detector and separation of the bubble-related sig-

nal from numerous echoes that may be mixed. For all of

those reasons we assume that optical detection method

that we applied is more reliable because it optical proper-

ties of the bubble and does not depend upon interference

of acoustic waves in the sample chamber.

In our experiments the bubbles may be generated

through three main mechanisms: overheating, spallation

laser-induced heat release forms high pressure wave

which crosses the cell and is followed by low pressure

wave and optical breakdown. Optical breakdown re-

quires reaching for laser intensity threshold of 1011W/

cm2 (for the water). In our experiments maximal intensi-

ties were about 6.4 · 109W/cm2 that is below breakdown

threshold. Also for this mechanism bubble generation

threshold usually does not depend upon light absorption

coefficient (concentration) of the sample though in our

case such dependence was very strong. Therefore we

may exclude optical breakdown as the mechanism for

bubble generation.

Analysis of estimated temperatures shows that in he

case of local strong light absorption the temperature ex-

ceeds critical value and therefore the bubbles would

form due to overheating of the surrounding fluid. Our

model with nano-particles is a good example when this

mechanism provides bubble formation. But for the case

of cells with uniform light absorption (RBC consist

mainly of homogeneous Hb solution confined within cell

membrane) and especially for solutions with low molec-

ular weight (NR dye) laser-induced temperatures are not

enough for burst vaporization. For this case we have

estimated the levels of negative pressure in rarefaction

wave that may occur after acoustic wave with positive

pressure is induced by initial heating. For light-absorb-

ing target with radius in the range 5–500nm thermal

relaxation times may vary from 1 to 1000ns. Experi-

mental data obtained with PT-imaging of cells and

nano-particles a relaxation time of local sources of the

PT-signal is about 100–1000ns. The acoustic field re-

laxes within the cell during the time of about 1ns, and

laser pulse length is about 10ns. These conditions are

not good for effective pressure build up during action

of laser pulse but such possibility still exists. We have

applied spherical model suggested by Paltauf and

Schmidth-Kloiber [21] for a pulse with a Gaussian tem-

poral profile. Neglecting by heat conduction and viscos-

ity we obtained for spherical object with size and
absorption properties close to RBC in water the estimate

of negative pressure about 20bar. This is enough to cre-

ate a cavity in water and thus to generate cavitation bub-

ble. Currently we have not found among available

sources the model of cavitations bubbles that can be ap-

plied to our samples (closed volume) and employ rare-

faction wave. Development of such model is the

subject of our ongoing studies. Nevertheless we may

suggest that the two mechanisms of bubble generation

may act simultaneously in such objects as cells and the

role of each specific mechanism—overheating or spalla-

tion—depends upon degree of heterogeneity of cell

structure in terms of light absorbance and in terms of

thermal properties.
5. Conclusion

Generation of laser-induced bubbles in individual

cells and in confined micro-volumes of solutions may

be different from similar process in macro-samples and

in samples with free surface. Two mechanisms are in-

volved in bubble generation in confined micro-volumes

and in individual cells—overheating and spallation.

Laser-induced bubbles in absorbing samples may be

much smaller in size (from nano-meters to micrometers)

than the size of absorbing sample. Bubbles in cells may

emerge at the temperatures below critical and therefore

laser damage thresholds for specific tissue may be lower

than that obtained under assumption of generation of

the bubbles only through overheating mechanism.

Detection of such bubbles can be done by optical means

because acoustical signal from bubbles in cells can be

difficult to detect due to influence of cell chamber with

solid walls.
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