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Photothermal images of live cells in presence of drug

Dmitri Lapotko Abstract. A new method for the study of drug—cell interaction is sug-
Tat’yana Romanovskaya gested. It is based on optical monitoring of cell response to drug im-
International Research Centre pact. To detect this response, a high sensitive photothermal imaging
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Minsk, Belarus technique has been developed. This technique is based on irradiation

of the cells with a focused short pulse double-frequency pump laser

Vladimir Zharov (532 nm, 8 ns) and monitoring the laser-induced local thermal effects.
University of Arkansas for Medical Sciences This is realized with a second collinear dye laser pulse (630 nm, 6 ns)
The Philips Classic Laser Biomedical Laboratory that probes the heated cell absorbing zones. The temperature-
Little Rock, Arkansas 72205-7199 dependent variations of the refractive index in the absorbing zones in

cross section of probe beam are recorded with phase-contrast tech-
nique. The photothermal (PT) image represents a two-dimensional
depth-integrated temperature distribution in the irradiated volume and
correlates with the conventional optical absorption images. It was ex-
perimentally shown that the introduction of NaN3 or anti-tumor drug
in the cell suspension led to a change in the structure of PT images of
human lymphocytes and human lympholeukemia cells, respectively.
It was hypothesized that the observed effects could be associated with
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1 Introduction Although staining can solve this problem, it has some limita-

Many testing systems have been developed to determine gen;ions for the Iiye cell studies. Another potential tool fqr s.tudy-.
eral and specific toxicity at different levels of study: from the N9 the drug-induced refractive heterogeneous variations in
gene-expression profile to specific organs, although most ofthe cell structure is the phase microscopy in different
them are relatively expensive and time consuntifgn com- modificationst® 18 For example, differential-interference con-
parison with animal and human trials, the study of drug-cell trast microscopy provides information of the drug action
interactionin vitro allows us to reduce the sample volume and through simultaneous monitoring of corresponding changes in
potential hazard-® Among various effects used for screening the cellular fine structure and organelle moti8A° This
the nonspecific drug action at the cell level, it is worth men- method proved to be more sensitive and yielded more specific
tioning in the first place the drug-induced inhibition of protein information on cellular changes than conventional cytotoxic-
and DNA synthesis, alteration of transport rates and mem- ity tests(viability tests with trypan blue staining and lactate
brane permeability, impact on energetic processes, and directdehydrogenase releageerformed in parallel. One of the most
destruction effect8.” Worth noting is that drug-induced alter-  powerful and sensitive assays, based on fluorescence diagno-
ation of the cell metabolism can be monitored through the cell sis of cytotoxicity, targets only cellular structures that are
respiration chaiffRC) activity’*° by means of several meth-  themselves fluorescent or can be labeled with fluorescent
ods (polarographic;" electrochemical? etc) including very markers*~3° Most endogenous biomolecules, however, are
promising optical microscopy/spectroscopy. nonfluorescent or weakly fluorescent in their native state,
Most spectroscopic assays for the drug action study arewhile specific fluorescence labeling of targeted structures is
based on measuring the absorption of optical radiation by in- gjtficult, limited by the number of available fluorescent mark-
tracellular compounds or endogenous b'°m°|eCU|?£ markersgrs  and may lead to unpredictable distortion in cell—drug
involved in toxicologic or only inhibitory processes:* For interactions’*~38This state of affairs underscores the need for

example, the most u_mversgl assay, the transmittance Spectrosy e, assays to overcome the limitations of existing technolo-
copy, can be combined with potentiometry to study redox- gies

:Cg\é‘frogecr:'pr(ﬁgwig Cigrﬂrsn?:la%:/%tljlegwogégls?(ﬁaggssi_ One of the alternative approaches can be based on measur-
P Py, ' y P ing the thermal effects in irradiated samples with photocalo-

crommicures. T, e ks of spechosoopy alous Ml metod(phctoacoust, photanermeP), e
’ molens,” PT radiometry, PT deflection technique, and

monitoring of only significant drug-induced morphologic cell 3946 .
changes manifested by a long delay after the drug action.o_therg' These methods with the use .Of laser SOurces pro-
vide, for nonfluorescent samples, the highest sensitivity for

Address all correspondence to Vladimir Zharov. Tel: 501-686-8412; Fax: 501- the_7 angOl’ptl_OP‘ll 4zCoeff|C|ent, n the order of
686-8029; E-mail: zharovvladimirp@uams.edu 107 '=10° cm™ ~,*** which allows us to evaluate super-
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small concentrations of molecules with a sensitivity compa- wheredn/dT describes the temperature sensitivity of the re-
rable to that of the laser fluorescence metHBdé-*¢ The fractive index.
beam deflection PT calorimetry was successfully used for In the pulse laser mode, the characteristic heat-dissipation
time-resolved studies of the kinetics of the relaxation pro- time 71, for the local absorbing target is determined by a
cesses in molecules in solutidh? Little progress, however,  thermal diffusion process, and that for a target with spherical
was made in biologic applications of calorimetric methods, shape of a radiu® (L=2R) is estimated by the following
especially for studying of live single celt§ Besides, there is  equation*?5®
no information on the application of calorimetric methods for
studying the drug action at the cell level. r1=R%6.7%, (4)
Recently, a novel dual-laser phase-contrast photothermal
imaging (PTI) has been developdd:®" PTl is based on irra-  wherek is thermal diffusivity. For example, for an intracellu-
diating cells with a focused short-pulse pump laser and re- lar target withR=35 nm, an estimation ofr; is approxi-
cording the temperature-dependent variations of the refractivemately 2 ns(for water parameteysFor a cell size of 1Qum,
index with phase-contrast imaging of a second collinear laser the estimated time~ is in the order ofLl0"* s. When 7y is
pulse. It was shown that PT response from different cells is measured using Ed4), it is possible, wherk is known, to
sensitive to different environmental impact including tem- obtain information about the value 88 Thus, the size of a
perature, chemicals, and dru§s° The objective of this work submicron particle can be measured by heating the particle
was further development of the PTI and evaluation of its ca- with an ultrashort pulse beaffi,<r) of a relatively large
pability for the study of cell response to drug impact with diameter that exceeds the wavelenytiand then by monitor-
focus on analyzing the drug-induced alteration of PT image ing the cooling process using the PT method. Recently, this
structures. approach was successfully demonstrated at two probe delays
(10 and 120 nswith liposomes stained with neutral red ab-
sorbing dye as the model of nano-scale absorbing tatgets.
2 Methods and Materials The theoretical limit for this method of determiniigis char-
acterized by the time of transformation of absorbed light en-
2.1 PT-Assay Model ergy into heainonradiative relaxation timeyg), which is in
The principle of PT monitoring of drug-induced alterations of the order ofl0 =10 13 s for condensed mattéf. Accord-
intracellular absorbing structures is based on cell irradiation jng to Eq. (4), this time corresponds to target size of about
by a pump laser pulse with a wavelength in the spectral range1—0,1 nm. Subsequently, in accordance with Edsand (3),
of the pOtentia' abSOfbiﬂg biomolecular structures. It is as- the PT Signa| depends on several target parameters inc|uding
sumed that these structures are sensitive to drug actions anghiomolecule concentration; cross-section absorptiony;
can play the role of natural markers. The absorbed energy, quantum yield of fluorescencesg, and photochemical phe-

AW, in a biomolecular structure with volumé and absorp- nomena,ypy (through the characteristic timeyg, 7pp, and
tion coefficienta is determined for the case of low absorption, TR); thermodynamic parameterﬁ,and C, geometric SizeR;
whenalL <1, in accordance with the following equatiéh: and refractive parametedn/dT. In conventional calorimet-
ric mode, the PT signal amplitude often correlates with the
AW=dVPaVD, .y sample absorption coefficiefftin our approach, the drug ac-

tion can be evaluated not only by absorption alteration, but
also by changes of other parameters. For example, the drug-
induced inhibition of the cell activity can lead to significant
changes in biomolecule concentratidi® quantum yield® or

where ® is laser fluence ratél/cn?); L is the target length
along the laser beana= o N, whereo is the cross section of
absorption, andN the density(concentration of absorbing
biomolecules. A secondary phenomena in the irradiated bio- . . 1920 X

molecules is the relaxation of excitation with transformation Sizé Of the biomolecular structure™In particular, changes

of the absorbed energy into heatonradiative relaxation in the redox state of a cell’s RC component due to drug im-
fluorescence (radiative relaxation or photochemical pact can lead to altered absorption spectra and quantum yield

processeé€ with an appropriate quantum yietd, and charac- of photochemicallprocesg@%Thus, PT assays can potentially
teristic time 7: 7nr, Tnrs 7R, TR AN Tpr, Tpy, FESPEC- give much more information on drug action than the conven-

tively. The total quantum yield of all three channels of exci- tloq_a;: OFt'(fal gnalytlfcpr_nretgods. . itivity d d h
tation relaxation equals unity, i.egyr=1-7r 7pr. In e limitations o absorption sensitivity depend on the

pulse laser mode, the local temperature rise in the target Canbackground abs:orptlon coefficienis Of. the media. _In this
be estimated from the following relatively simple equation: case, the detection of the Iopal absorbing zone having absprp-
tion coefficienta is possible if the local absorption contrast is

- —1 al ag=1. It will reach a maximum in the region of minimal
AT=mrAWIpCV=(1=nr-7pn) oNP/pC,  (2) absgrption by the main component of cells: water, lipids, pro-
where p and C are local density and heat capacity, respec- teins, and DNA. Water absorbs mainly in the IR region while
tively. the other components absorb in the ultraviolet region. There-
Then, the laser-induced local heating leads to correspond-fore, the optimum spectral region for the most sensitive de-
ing changes of the temperature-dependent refractive ingex, tection of potential endogenous chromophores ranges ap-

by the following amount: proximately between 0.35 and Am, where pure water
absorption is about0 *-10 % cm ! and biological back-
An=(dn/dT)AT=(1— nr- 7py) oN®(dn/dT)/pC, ground raises this absorption to at led§tr ? cm 1.2 For
(3 example, the potential absorbing chromophores may include
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the main RC components such the cytochromes and flavopro- cop
teins and othetnon-RQ cellular components such as peroxi- g
dasa, nonheme Fe-S proteins, cytochrome p450, some por- QW probe beam I 1

phyrine, eté! For the above mentioned absorption
background and~ 10°—10° cm™ %, the maximum of absorp-
tion contrast will be significant, in the order a0*—1. In
the spectral region whereg is stronger(UV and IR), up to
10'~10> cm !, the absorption contrast is much lower,
around 10, but nevertheless attainable, uptag~2—-3.To
detect an object with an absorbtion coefficientl6f 2 cm™*
and laser-induced temperature &T ;=102 °C, which is
two orders higher than what the laser calorimetric methods
providél0—45 and much below the thermal cell damage, in ac- Fig. 1 General setup of the laser photothermal microscope.
cordance with the theoretical estimation from E@s—(4) at
n1~ 1, the maximum permissible fluence rabewill be about
1072-10 1 J/ent. This can be reached by focusing the laser the cell are detected by a charge coupled de(@@D) cam-
pulse with an energy af0 °—10"7 Jonto a 10—2Qum spot. era(Comfort Inc., St. Petersburg, Rusksién this mode, also
As a result of this analysis, second laser harmonic referred to as PTI, all data are obtained with one single pump
Nd:yttrium—aluminum—garndglYAG) with wavelength of 532 pulse without scanning. The PT image represents a two-
nm was chosen to form PT cell images. dimensional, depth-integrated temperature distribution in the
Typical sizes of different potential chromophores or their irradiated volume and correlates with the conventional
clusters and other absorbing structures may be within a broaddiffraction-limited optical absorption images. The local ther-
range from several nanometdfsr example, cytochromg® mal effects in absorbing microzones are manifested on these
to hundreds of nanometers and even micromeféifferent images as bright spots on a black background or as three-
organelles, mitochondria, etcThe time-resolved mode with  dimensional(3D) simulations. This mode was used to study
different time delay between pump and probe pulses with time PTI microstructures, such as PT signals from local absorbing
duration around 10 ns allows us, according to E4), to targets within cells.
estimate the average size of absorbing target in the range up to In the developed PT microscopic asg&jgure 1), the sec-
100 nm. In other words, even if the size of some microzones ond harmonic of a Nd:YAG laséb32 nm wavelengthwith a
is smaller than the diffraction spot size, and despite the fact pulse energy in the range of 0.1-1@0 and a 8 ngulse
that PT assays allow us to see only diffraction-limited spots duration is used as the source of the pump beam. In PTI
on the PT image, an additional measuring of the intensity mode, the source of the probe beam is a pulsed dye (636r
decrease rate of this spot allows us to estimate the averagenm, 6 ns pulse duratignAfter being mixed with a dichroic
size of such microzones. Thus, with PTI in time-resolved mirror, the pump and probe beams are directed coaxially
mode, it is possible to study the absorption of chromophores through the aperture and standard microscope condenser into
smaller in size than the laser wavelength, while the PTI, as the sample plane. The diameters of pump- and probe-beam
well as conventional optical microscopes, has spatial resolu- spots in this plane are 15 and 12n, respectively, and both
tion limited by the diffraction effectgaround 0.8um). The exceed the diameter of cells-10 um). The pump and probe
thermal diffusion effects lead to the expansion of the initial beams are synchronized, and the time delay between them
size of heated zones, so that, some time after the pump laseffixed at 10 and 120 nsallows us to study the temporal dy-
pulse, the thermal spot will be bigger than the real size of the namics of temperature distribution in irradiated cells. After
absorbing zone. When this thermal spot exceeds the diffrac-passing through the sample, the pump radiation is cut off with
tion spot diameter, it will be visible in PT images. Of course, a filter. The phase distribution of the probe beam is converted
temporal resolution is limited and can distort measurements of into amplitude distribution in the conventional phase-contrast
the smallest targets, because the PT images are recorded witimicroscopic module.
temporal averaging during the probe laser pulse, when some The chosen energy level of the probe laser pulse is 10 nJ,
thermal diffusion occurs. However, these distortions will be which is much lower(at least one order of magnitudthan

1 I !<|—Phase Module
‘ 1==s<«——Filter

Pulse probe beam  — <I—Sample
SYNC

Nd:YAG LASER

Excitation pulse

Pump beam Aperture” |

reduced if targets size is increased. the pump-laser energy. This minimizes the influence of pos-
sible probe-beam absorption on chromophores at the 630 nm
2.2 Experimental Setup wavelength which can interfere with the thermal effect from

the pump laser. Moreover, even if the probe beam were to be
“absorbed, this effect would not significantly influence the final
results because a special algorithm of PT image acquisition
had been developed. This algorithm assumes registration of
the two probe-beam phase-contrast images: before laser pump
pulse —1°(x,y,0) and after some time-delayrelative to the
_ pump pulse—1(x,y, 7). The first image provides information
Agp=2mLAN/A. (5) about the initial(background phase distribution in the cross
This phase shift is recorded by means of the phase-contrastsection of the probe beam itself while the second one brings
imaging with the second collinear probe laser pulse. The additional information on the phase change due to absorption
pump laser-induced variations of the probe-beam phase withinpump laser pulse. The difference between them, referred to as

To measure the pump laser-induced local changes of the re
fractive index,An [Eqg. (3)], we used an experimental setup
(Figure 1 in phase-contrast mode. In this mode, the param-
eterAn is recorded through the change of the phasg, at
each point of the cross sectiéwave fronj of the probe beam
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PT image S(x,y,7) that can be considered as two- I

dimensional, depth-integrated temperature distribution in the CELL RC T |
irradiated cell is determined by the following equation: [ \
Sy, I =[1(x,Y, ) (E°/ET) — 1°(X,y,0) 1/Epm» ACTIVITY
(Y, 7)=[106Y, ) (E %/ E ) = 1°(6,Y,0) 1/ Epry won | | | |
) CHAIN v
l—>
0 | REDOX STATE I
whereE”,, andE",, are probe laser pulse energy values dur- +
ing obtaining images®(x,y,0) and |1 (x,y,7), respectively,
and Epn, is the energy of the pump laser pulse. The ratio PUMP LASER LIGTABSOR”ION
Eopr/ E", provides necessary compensation of possible varia- ROPERTIES
tion of probe laser energy from pulse to pulse. Normalization j
by Epm excludes influence of possible pump pulse energy I_ |
variations. Thus, the proposed algorithm excludes the influ- PROBE LASER \ I | THERMAL EFFECT /
ence of laser energy variations on the final results and pro-
vides compensation of the phase shift due to possible absorp- 4
tion of the probe beam. Besides, the comparison of PT images | PHOTOTHERMAL SIGNAL I

at different time delay(7) gives information on the diffusion
eﬁe?ts and cpollng tlmeTT) of laser-heated a.bsor.blng .tar.gets Fig. 2 Schematic diagram for an RC-specific agent-cell interaction
of different size. According to Eq4), the cooling time, in its model.

turn, may give information on the average size of the absorb-

ing structures.

_ Thus, the entire PT-image acquisition procedure includes  pegeribed PT assays have the following advantages: imag-
illumination of the cell with three pulses: probe, pump, and g of nonfluorescent structure, which constitutes the majority
second probe with a delay to pump; then the two probe laser ot native cells; time-resolved imaging, which allows visual-
phase-contrast images are recorded, and the differential PTi;ation of nano-scale structures; imaging technique that is
image is calculated accord_lng_ to E@. . compatible with a standard biologic microscope, although it
_ Another feature of PTI in time-resolved mode is the pos- ggeg not require a time-consuming scanning mode; high sen-
sibility of obtaining separate of PT images with a relatively sitivity (as all photocalorimetric methodshat was several

slow CCD camera response time. In other words the CCD qgers of magnitudéat least four higher absorption sensitiv-
camera allows us to record very short laser pulses, but with ity transmission optical microscofs.

some time delay of appearance of PT images. Thus, two of the ~ The pT microscope allowed us to also obtain conventional
sequent PT probe images can be obtained with a pump puls&,pase-contrast cell images with standard microscope illumi-
repetition rate no more than 2.5 Hz. On the other hand, the p5iion scheme with conventional white light sources as well
PTI technique allows us to study the dynamic heating— g with laser illumination with the probe beam. These images
cooling processes with nano-scale time resolution on the basiSeferred to below as the optical image are obtained before and
of t|me delqy variation between pump and probe pulses, but it e, pump pulse within aroehl s and are used for compari-
requires using several laser pump pulses. son with PT images.

The pump and probe beams had a stable Gaussian intensity
profile in accuracy range as 2%—-3% each. It was experimen- . .
tally estimated by periodical analyzing of images of both 2-3 Experimental Model for Drug-Cell Interaction
beams with CCD camera without samples. That is why the For drug—cell interaction models, the key hypothesis was that
possible influence of nonsmooth intensity distribution in the a drug’s nonspecific action leads to changes in cellular light-
cross sectiorthot poiny) pump was minimalpractically neg- absorbing ultrastructure that cause corresponding changes in
ligible). On the other hand, the pulse-to-pulse energy variation the parameters of PT signals. It is assumed that drug action
for pump as well as for probe beam was 5%-10%. To mea- can be mediated through various biochemical processes and
sure laser pulse energy, transparent optical plates were placedellular targets of light-absorbing components of the respira-
on the ways of both laser beams. These plates directed a smaltory chain(RC) (Figure 2. Our experimental model assumes
part of the laser energy on separate calibrated photodiodescomparison of PT signals from single cells between the two
(not shown in Figure )1 An average accuracy of PT image cell populationdn vitro: control with intact cells that include
acquisition depended upon many fact@amera error, above-  reduced and mainly oxidized forms of the RC components
mentioned laser parameter instability, and photodiode error and population of cells with reduced RC components only.
that were estimated as 4.5%. These factors limited the PTI The latter is achieved by incubation of cells with sodium aside
sensitivity to detect small variations in probe laser images (NaN;) which are known as specific inhibitors of RC
according to the algorithm described in E§). Laser pulse activity.®® The NaN; blocks the terminal component of the
generation and shutter operations are controlled by softwarerespiratory chain—cytochrome c oxidase—and thus provides
specifically developed for data acquisition and analysis. One the reduction of all RC components in live céifsThe first
computer controls the hardware operation and maintains theexperimental model suggests the modification of the redox
desired algorithm, and a second computer handles signal pro-state of RC only without the changes in redox state of other
cessing. cell metalloproteins becauddaN; does not influence their
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redox state. The blood cellduman lymphocytesthat are _ i T
usually the targets for the drugs chosen for this model. -
In the second model we assumed that drugs penetrate into
cells, interacting with specific targets in the cells through vari-
ous potential specific mechanisms. If this interaction, for ex-
ample, causes toxic effects the cell metabolic rate will change ¢
and cell structures may be damaged. For some drugs, such as |
anti-tumor drugs, interacting with tumor cells, toxic effect is
the main drug action. Any suppression of cellular metabolic
processes influences RC activifyigure 2. In general, simi-
lar alteration in RC activity may result from different mecha-
nisms of drug action and therefore can be considered as a
process that is sensitive to general drug toxic action. The
strength of drug effects depends on the drug dose and a cell’s
functional statde.qg., efflux rate, metabolic rate, etcThus, a
drug effect may be different for cells with different rates of
differentiation and metabolism. The further processes in the
RC that result from drug action will influence the final param-
eters of PT signal. To study PT images in the presence of a
drug in second model we have chosen cells and a drug that is
known to inhibit these cells activity. Finally, the dexazone
(Synthetlc hormone tha_'t is used as an antl-tqmor hmgj conventional optical phase-contrast image. Right top: PT image as the
chronic lympholeukemia cellglymphoblasts with a high difference between the probe laser image before (bottom, left) and
level of RC activity have been chosen for this model assum- after pump pulse with 10 ns delay (bottom, right). Pump pulse param-
ing also the reduction of cell RC components as a result of eters: 532 nm, 8 ns width, 40 wJ; probe pulse: 630 nm, 6 ns width,
drug inhibitive action. 10 n).

Probe -1’ Probe — I(10ns)

v

2

Probe beam

Fig. 3 Images of single human lymphocyte in suspension. Left top:

reference. The amount of suspension required for the cuvette
is <1 ul. Each cell for study in the cuvette was chosen ac-
cording to its conventional optical image. Cell diameters var-

) A g ied in the range 7—1@Qum. As the diameter of the Gaussian
ence_ofN_aNg solution and anti-tumor drug, respe(_:tlvely, are  pump beam at sample plane is 5 the decrease of light
usedin vitro. Cell preparation included the following steps:  intensity energy across the cell surface from center to board-
lymphocytes: the population of lymphocytes was separated by ¢rs did not exceed 20%—30% and took in account during
centrifuging a leukocytes-containing pellet on Phycoll-Hypaq jmage acquisition. During the measurements the cells did not
(P:1,077‘9/0mz) gradient according to a standard change their position at the bottom of the cuvette. Each PT
technique’ Lymphocytes were treated with 0.85% ammo- image was obtained with single pump pulse of specified en-

nium chloride solution for 5 min at 37 °C and washed twice grgy, Visual microscopic observation also was used to control
with 0.15 M sodium chloride solution containing 0.5% pooled cel| damage after pump pulse.

heat-inactivated human AB serum. The suspension was ad-

justed with the phosphate buffer solution containing 0.5% AB 3 Results and Discussion

serum to the concentration dfx 10’ cells per ml and used .

for analysis. The cell viability was determined by trypan blue 3.1 PT Imaging

dye exclusion and was always higher than 97%. Usually 150 The principle of PT imaging is illustrated in Figure 3. Top left
cells have been analyzed from each sample under 20—22 °Cshows the conventional phase-contrast optical image of hu-

2.4 Cell Preparation and Handling

As a model of cell-drug interaction human blood lympho-
cytes and human lympholeukemia cefls-41) in the pres-

Acquisition time was from 5 to 7 min per sample when opti-

man lymphocyte. This image was obtained at exposure by

cal and PT images were obtained for each cell. Cell lines of broadband noncoheretwhite) light in the phase-contrast re-

chronic lympholeukemia(L-41)—the limphoblasts—were
obtained as suspensions from Dial@dinsk, Belarus. Cell

gime of the microscope. This image represents a two-
dimensional, depth-integrated refraction distribution in the

lines were cultivated in standard media and were studied threecell volume. It can be seen that in the case of native cells in

days after the passage.

suspension such an image does not provide any structural de-

Cell images are registered after manual or automatic posi- tails and they were used in our experiment for cell positioning

tioning of the cell with microscope stage with the multi-

and for approximate control of cell integrity and size. The

sample chamber into the area of the laser beams. The chambebottom left image was obtained with probe laser prior to cell
includes a steel case with several glass microcuvettes that carirradiation with pump pulse. This image represents mono-

be installed. Each cuvette 19X 1< 1.5 mm,with a capillary
rectangular channel that i$00X 400 .m. Compared with

chrome coherent phase-contrast images of cell optical struc-
ture at the moments when the object is not heated. It can be

standard microscope slides and coverslips, the cuvette pro-clearly seen that the laser image has more contrast in com-
vides a safe and stable environment for living cells and allows parison with the optical image obtained by conventional opti-
monitoring. The ability to study several samples at the same cal sources. Thus, coherent radiation makes the phase-contrast
time is very important when one cell population is used as a image more sensitive to refractive index variations. The bot-
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tom right image is the same but obtained with 10 ns delay to
the pump pulse. Structural changes that are induced by pump .=
pulse absorption and local thermal phenomena can be seen in -
this image. Subtraction of the first laser image from the sec- -
ond according to Eq(6) yields the PT imagedtop right in
Figure 3 that gives information only about spatial distribution
of intracellular heat distribution and does not depend on pos-
sible phase distortion of the probe beam itself. This PT image
contains more details in comparison to the optical im@ge
left in Figure 3. Such a structure may indicate a relatively
strong local absorption zone and, respectively, more signifi- Qo o T PT 10 ns
cant heat releas@vhite spots in Figure 3 Such PT image ' :
structures were detected only at 10 ns delay after pump pulse
and were not detected at 120 ns de{agt shown. This in-
dicates the local spatial nature of the absorbing structure in
these cells. The absence of local details in the PT image at
120 ns means that their cooling time is shorter than 120 ns
and therefore the size of the absorbing local zones according
to Eq. (4) can be estimated to be at least less than 150 nm.
The structure of PT images can be explained by spatially non-
uniform distributions of absorbing chromophores in cell. As
we have pointed out at 532 nm, there are several absorbingFig. 4 Influence of NaN; on live human lymphocytes in vitro in sus-
cell components including the RC component flavo proteins pensioh. Conve.ntional optical phase-contrast image (!eft) and PT im-
ages (right) for intact cells (top) and same cells after incubation with

and cytochromes and also some metallo proteins outside thel\laN3 (5 mM for 5 min at 37°C) (bottom). The parameters: pump

respiratory chain including catalase, peroxidase_z, po_rphy_rins, beam, 532 nm, 8 ns, 40 uJ; probe time delay 10 ns; cell diameter 8
etc®* For example, cytochromes that are localized in mito- ,m.

chondria have a characteristic size of 5-7 $ifihe peaks at

PT image can also be caused by the groups of cytochromes.

But the exact identification of the type of absorbing targets Pulses at energy 2@.J the amplitude in the peak in some
needs additional study including obtaining time-resolved PT lymphocytes decreased 3—6 times. This phenomena was ob-
spectra at different wavelengths of pump laser. Anyway, the served only for the local areas of cells with strong peaks of PT
visualization of such small structures is not possible with con- signals. There are at least two explanations for such a re-
ventional optical microscope diffraction limit that is order sponse to laser pulse—thermal destruction of absorbing struc-
0.6—0.8um. Actually the PT image shows thermal “ghosts” ture or photochemical modification of chromophore mol-

of small absorbing structures that, due to thermal diffusion, ecules with decrease of light absorption or efficacy
become in time large enough for diffraction-limited optical transformation of absorbed energy into heat. The mechanisms

detection with probe laser. of PT-signal degradation require more study at different pump
Another feature of PT images of live lymphocytes is their Wavelengths and energy. To avoid the potential influence of
high heterogeneity in terms of amplitudes and structures such photoinduced modification of cell ultrastructure proper-
among the cells in one population. Optical images of those ties, all further experiments were accomplished with single
cells were found to be similar with no such heterogeneity in Pump laser pulse exposure, less than mentioned cell photo-
shape and structure. This result may be explained by the de-damage threshold.
pendence of the RC redox state upon activity of metabolic ..
processes in cells. The degree of such activity may be very3-2 Cell PTI Image Alteration in Presence of RC
different for the lymphocytes within one populati&hThis Inhibitor
assumption requires careful verification though when being Prior to the investigation of the drug-cell interaction we have
confirmed experimentally may allow a powerful diagnostic of estimated the influence of some inhibiting agéabdium
cell functional state with the PT method. asideNaN;) on human lymphocyte vitro. It was assumed
PT imaging of the cells was performed under the pump that the intracellular target of chemical impact witlaN; was
pulse energies that cause no damage after cell irradiation withof respiratory chaifRC) component§® Thus, we expected
one pump pulse. Noninvasive regime for specific pump en- modeling of alteration in RC through reduction of cell RC
ergy was verified through the control of cell viability after components witiNaN;. Two human lymphocyte suspensions
irradiation of each cell in population with one pump pulse. were analyzed by acquisition of optical and PT images for
The cell viability was tested with conventional trepan blue 150 cells in each suspension. Pump laser parameters were
ingestion. The pump pulse was considered to produce no pho-chosen to obtain the PT image in linear condition without cell
todamage to cells if the viable cells were no less than 97%, photodamage with one pulse at energy 4D(Sec. 3.1 All
after exposure to pump pulse. Using this criteria we have PT images were obtained at 10 ns delay. It was fo{figure
found that the threshold of photodamage for lymphocytes and 4) that in comparison with intact cellgight top PT imagg
lymphoblasts for just one laser pulse was 70 andu35re- incubation of cells for 5 min in 5 mM of sodium azide, a RC
spectively. Exposure of one cell to several laser pump pulsesinhibitor, resulted in decrease of PT image amplitydght
caused degradation of PT signals. For example, after 3—10bottom PT image Mean PT image amplitude for intact cells
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Table 1 PT image parameters of human lymphocytes.

Mean amplitude, Maximum value,
Sample counts Dispersion, counts counts
Intact cell 326 442 2024
Test cell (NaN;) 5 153 129 655
min in 5 mM/ml
was found to be two times higher than for the test odlible Statistical analyses revealed differences for such image pa-

1). The most apparent feature of PT images is the disappear-rameters as the mean amplitude of PT image and dispersion of
ance of strong local peaks in PT images of cells. No evident the amplitude within the images of intact and treated cells:
changes were detected for optical phase contrast images beaveraged for the whole population, the amplitude and the dis-
tween the intact and test cellBigure 4, top and bottom im-  persion of the amplitude of PT images were 197 and 82
ages, respectively The observed effects, i.e., the decrease of counts, respectively, for intact cells and 149 and 56 counts for
PT signal at 532 nm, can be explained by the actioNaif;: drug-treated cells. Studenttstest coefficient wa$?<0.001

this chemical blocks RC cytochrome c-oxidase and reducesfor mentioned image parameters. These differences in PT sig-
the other RC components that absorb at 532 nm—mainly cy- nals are expressed much stronger when individual cells are
tochromes. Reduced RC cytochrome forms are known to haveanalyzed. In Table 2 the data are given for PT images that are
slightly higher light-absorption coefficient in comparison to presented in Figure 5. As follows from a comparison of
oxidized forms. But the quantum efficiency of photochemical population-averaged and single cell PT image parameters the
mechanisms of utilization of absorbed energy is significantly changes at cell level are stronger that the changes at popula-
higher for reduced forms. This may explain the decrease of tion level. This result is quite natural and it proves the effi-
heat release in test cells. Although, according to Egsand ciency of the single cell approach for the detection of drug
(4), we cannot exclude the influence of other factors that can action on cells. Single cell analysis turns out to be more sen-
lead to a change of PT signal parameters including a decreasssitive due to its ability to register drug-induced changes in
chromophore absorption or concentration, or changes in theircells that may constitute just a small part of number of cells in
size. The effect oNaN; was not the same for all cells and population. The dose of the drug that was used assumes the
depends upon the degree of activation of metabolic processedollowing process in these cells—suppression of cell metabo-
in specific cell. Due to this fact experimental data may be lism which should result finally in cell death. This process
obtained with a statistical approach and acquisition of PT im- could be connected with a decreased activity of RC. Therefore
ages from a sufficient amount of cells. The obtained result results obtained by PT imaging of a cell may be interpreted as
was preliminary and lacks the biochemical control of cell the detection of RC redox state change due to drug toxic
populations. But, nevertheless, it demonstrates an ability of
PT imaging to monitor RC redox state changes in single live
cells. To date, no other method yielded such data.

3.3 Drug—Cell Interaction in Vitro

Drug action on cellsn vitro was studied for the combination
of anti-tumor drug(Dexasong and chronic lympholeukemia
cells (lymphoblast$ at cytotoxic dosegFigure 5. Two cell
populations were analyzed in the same way as described in
Sec. 3.2. PT images of the cells—intact and incubated with
the drug(incubation with DexasonéDexametasone, KRKA,
Slovenia, 0.05 ng/ml/16 cells, 5 min at 37 °G—are shown
in Figure 5, right top and bottom PT images, respectively. It
can be seen that the influence of the drug provides some
changes in PT images. In particular, drug-treated cells do not
exhibit strong local PT signals which can be found in PT
images of intact cells. One of them is indicated with an arrow
in Figure 5, top. In this experiment, as was discussed above, a
statistical approach at population level was used. We found
that it is more reliable for the detection of the action of a drug
because of its different degrees of influence on the different
cells. Such heterogeneity may be caused by the nonsynchro—Fig'_5 Influence of an anti-t'umor drug on live h.uman |ymphob|a§t5.
nized nature of the cell culture that was used. These cells werg_Ptical phase-contrast cell images (left) and PT images (right) for in-
. - . . . tact cells (top) and after incubation with dexamethasone
at different stages of proliferation at the moment of mcuba_ltlon (0.05 ng/ml/10° cells, 5 min at 37 °C) (bottom). Laser pump param-
with the drug. Thus the effect of the drug may be a little cters: 532 nm, 8 ns, 40 w; probe: 630 nm, 6 ns, 10 nJ; time delay 10
different for the cells among one population. ns; cell diameter 12 um. Arrow indicates absorption zones.
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Table 2 PT image parameters of human lympholeukemia cells (L-41).

Mean amplitude, Maximum value,
Sample counts Dispersion, counts counts

Cell population averaged data

Control 197 82 —

Drug incubated 149 56 —
(Dexasone, 0.05
ng/ml/10° cells, 5 min

at 37 °C)
Single cell data

Control 450 511 2830

Drug incubated 183 220 811

(Dexasone, 0.05
ng/ml/10° cells, 5 min
at 37 °C)

influence on the cell. The further development of the de- drug action effects with conventional assays. To verify ob-
scribed approach may allow the control of RC activity in tained data the PT method may be applied together with the
single live cells. Obtained results are rather demonstrative for fluorescent method because some endogenous chromophores
two reasons: PT studies should be extended into the multi- exhibit natural fluorescence on the one hand and some of the
wavelength regime to register PT images at several pump la-fluorescent probes convert part of the absorbed energy in heat,
ser wavelengths—for example, 430, 444, 532, and 600 nm on the other hand.
with detailed biochemical independent control. Comparison
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