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Abstract. In confocal laser scanning microscopes (CLSMs), Optical tweezers are based on forces due to radiation
lasers can be used for image formation as well as tools fgoressure, with the gradient force as dominant force compon-
the manipulation of microscopic objects. In the latter caseent [8]. The gradient force pulls dielectric particles into the
in addition to the imaging lasers, the light of an extra lasehigh-intensity gradient region of an infrared laser beam fo-
has to be focused into the object plane of the CLSM, forcused by an objective with high numerical aperture. Thus,
example as optical tweezers. Imaging as well as trappingptical forces can be used to fix and move dielectric particles
by optical tweezers can be done using the same objectivand furthermore to precisely measure forces in the piconew-
lens. In this casez-sectioning for 3D imaging shifts the op- ton range [9—-11]. Optical tweezers have now been widely
tical tweezers with the focal plane of the objective along thaused in biology and physics. They offer the opportunity for
optical axis, so that a trapped object remains positioned isubcellular manipulation and studying cellular processes that
the focal plane. Consequently, 3D imaging of trapped obfequire precise positioning of cell organelles [12]. Examples
jects is impossible without further measures. We present ainclude the manipulation of cell nuclei as well as organelles
experimental set-up keeping the axial trapping position ofn plant cells and the displacement of chromosomes [13-15].
the optical tweezers at its intended position whilst the focal Confocal laser scanning microscopes (CLSMs) assem-
plane can be axially shifted over a distance of aboyirh5 ble a number of two-dimensional optical sections to fi-
It is based on fast-moving correctional optics synchronizedhally reconstitute a three-dimensional imageséctioning).
with the objective movement. First examples of applicationUsing these sectioning capabilities combined with the 3D-
are the 3D imaging of chloroplasts of Elodea densa (Canananipulation possibilities of the optical tweezers, CLSMs are
dian waterweed) in a vigorous cytoplasmic streaming anéxcellent imaging tools for 3D micromanipulation [16, 17].
the displacement of zymogen granules in pancreatic canc@&articularly in CLSMs, where the scan time per frame is of

cells (AR42 J). the order of seconds, optical tweezers can alleviate the serious
problem of motional blurring of moving objects by spatially
PACS: 87.64.-t; 87.16.-b fixing them, even inside living cells.

So far, attempts to use laser microtools in CLSMs have
) . ) . been only moderately successful. When imaging as well as
Laser light can be easily focused into a spot of submicromerapping by optical tweezers are done using the same objec-
ter dlm_enSIOHS In a miCroscope. When a.n Ob]ect IS_tranSpareﬂ\t,e |enS, a conflict arises between the 3D |mag|ng and the
for a given wavelength, even focusing into the object’s inte-axjal positioning of the focus of the laser used for optical
rior is possible. Since light is a carrier of energy that may b&weezers [17]: whenever the microscope objective is moved
converted into heat, high temperatures up to nanoplasmas cgfbng the optical axis foz-sectioning, the focus of the opti-
be induced in the laser-light focus. Since, in addition, light isca| tweezers is shifted with the focal plane of the objective.
a carrier of momentum, forces can be exerted too. This hagg a trapped object remains positioned in focus while its for-
been exploited in conventional microscopes to use laser lighher surroundings go into defocus. Consequently, 3D imaging
first for submicrometer machining with laser microbeams, segs trapped objects as well as imaging of a trapped object
for example [1-3], and then for complete micromanipulationin jts surroundings for 3D-position detection are impossible
by light with microbeams and optical tweezers in convenyyithout further measures. In the following we present a new
tional microscopes [4-6]. Within the last few years the usexperimental set-up keeping the trapping position of the opti-
of optical tweezers for photonic force microscopy opened URal tweezers at its intended position whilst the focal plane can
new field of applications with optical tweezers [7]. be axially shifted, allowing 3D imaging of trapped objects.
- As a first example confocal imaging of chloroplasts in
*Corresponding author. leaf cells of Elodea densa (Canadian waterweed) possess-
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ing a vigorous cytoplasmic streaming is shown. FurthermorgMOVTEC Stiitz & Wacht GmbH, Pforzheim, Germany).

a perspective for an application with pancreatic cancer cell$he motor is adjusted to 2000 st¢psvolution, resulting

(AR42 J) is given. in a stage shift of 250 npistep, a maximum velocity of
10000 stepss, and an acceleration of 20 000 stesA con-
vex lens (“L”, f =40 mm), added externally into the path of

1 Materialsand methods the laser beam, focuses the light emerging from the fiber into
the epi-fluorescence illumination path (“FIP”) where another
1.1 Experimental set-up convex lens { =150 mm) is located. The single-mode fiber

together with the external lens present a suitable beam ex-

The experimental set-up is based on an inverted confocg@ander, because of the divergence of the beam emerging from
laser scanning microscope (LSM 510, Carl Zeiss Jena GmbHhe fiber, reducing the number of optical elements required for
Jena, Germany) equipped with an argon-ion laser (458 nngn adequate expansion of the laser beam. Finally, the dichroic
488 nm) and a green HeNe laser (543 nm) as scanning lasemirrors located in the fluorescence reflector slide (“FRS”) dir-
The LSM 510 carries out-sectioning for 3D imaging by ect the laser light to the back aperture of the objective (“O”)
moving the objective along the optical axig-direction) that has to be entirely illuminated by the infrared laser light
in order to scan optical sections of an object at differento obtain an almost diffraction-limited beam for good trap-
Z-positions. ping efficiency [6, 18]. For this purpose, the existing mirrors

In our experimental set-up (shown in Fig. 1a) a Nd:YAG for epi-fluorescence illumination are replaced by mirrors be-
laser (1064 nm, max. power 11W; T40-Z-106C, Spectrang additionally reflective for the infrared laser light used
Physics, Darmstadt, Germany) running in cw mode is useébr the optical tweezers (AHF Analysentechnik, Tiibingen,
for the optical tweezers. A single-mode fiber (BTO BungertGermany). For the use of the optical tweezers in laser scan-
GmbH, Weil der Stadt, Germany) directs the laser light fromning mode, yet another dielectric mirror (Laser Optik GmbH,
the Nd:YAG laser to the rear side of the microscope. TheGarbsen, Germany) is placed on the laser scanning position
fiber output efficiency with the single-mode fiber couplerof the fluorescence reflector slide that otherwise would be
used (THORLABS, Griinberg, Germany) is about 60%. Theempty. It reflects the infrared laser light and is simultaneously
fiber end is fixed on a translation stage (“TS” in Fig. 1a)transparent for the scanning lasers coming from below and
that can be displaced in the axial direction. The stage habe emitted fluorescence. Hence, the complete imaging capa-
a travel length of 20mm (LINOS Photonics GmbH, Got- bilities of the original LSM 510 are maintained.
tingen, Germany) and is equipped with a stepper motor For the determination of the relative objective position,
internal signals controlling the motor that shifts the micro-
scope objective are registered. This registration is carried out
by a PC equipped with a data-acquisition board and a stepper
board (PCI-6023E and PCI-Step-20X, National Instruments,
Minchen, Germany) that is used for controlling the stepper-
motor position of the translation stage. A program routine
developed with the software LabVIEW 5.1 (National Instru-
ments, Minchen, Germany) controls the signal registration
and determines the relative objective position. Mediated by
a calibration curve (see results and Sect. 1.2), this program
simultaneously calculates and controls the stage position as
a function of the relative objective position, as illustrated
in Fig. 1b.

1.2 Calibration

Calibration curves were determined for the oil-immersion ob-
jectives Zeiss Plan-Neofluar 160/1.3 oil and 63x /1.25 ail

- —--—-——| , (Carl Zeiss Jena GmbH, Jena, Germany). We used a dielec-
| tric mirror with high reflectance at 1064 nm (Laser Optik
‘r“i i GmbH, Garbsen, Germany) placed like a cover glass. The sig-
* nal emerging from the laser light used for optical tweezers
LN that is reflected by the mirror was confocally detected with

‘ ) the scanning lasers turned off. Figure 2a schematically shows
R _.,, the optical path of the laser-tweezers system (components as

«——> libre described in Fig. 1a) and the confocal imaging system. The
Objecme ' Translation stage imaging system consists of a dichroic mirror (“M"), trans-
'- : mitting the light of the scanning lasers coming from below
b (not shown) and reflecting the signal coming from above, and
Fig.1a,b. Experimental set-upa Integration of the Nd:YAG laser used a convex lens focusing the Slgnal on the pmh0|e ( P ) placed

for optical tweezers in the LSM 51@& Synchronization of axial objective N fr_ont of the detector (*D”). In spite of the diele(_:tric mir-
movement and movement of optical tweezers ror in the fluorescence reflector slide (“FRS”) being highly
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Fig.2a—c. Calibration. a Schematic illustration
of the laser-tweezers system and the imaging
system.b Translation-stage position as a func-

tion of the relative objective position at max-

Translation stage position [mm|
™
1

Power of optical tweezers / laser outpul power

: | //T / 0,15+ imum signal intensity for the objectives Plan-
2 1 T I E— Neofluar 100« /1.3 oil (lower curve) and 63x
| | P“T%Nwﬂ.“ﬂfl/ 2| | /1.25 oil (upper curve) ¢ Power of the laser

: 100%/1.3 oil | | light used for the optical tweezers emerging
0 | T f T 0.1 LA LAEA) RALL] RASE] RALLY LAAAN IALAS LA LE from the objectives Plan-Neofluar 18Q/1.3 oil
-25 -20 -15 -10 -3 0 01 1 3 4 5 & 7T &8 % 10 (lower curve) and 63x /1.25 oil (upper curve)

b Relative objective position at maximum signal [pm] c Translution stage position [mm]

as a function of the translation-stage position

reflective at 1064 nm, the reflection signal reaching the detest objects. These polystyrene beads are ring-stained, i.e.,
tector was sufficient using a laser power of about 140 mW tanly their surface is stained by a dye, combined with a sec-
290 mW and 110 mW to 170 mW emerging from the %00 ond fluorescent color throughout the bead. We used only the
and 63« objective, respectively. Figure 2a shows a particu-surface stain that was excited with the 488-nm line of the
lar position of the translation stage that results in a divergerdrgon-ion scanning laser. Fluorescence was detected above
laser beam entering the back aperture of the objective. TH805 nm using a long-pass filter. For microscopy the micro-
situation for two different axial objective-lens positions is il- spheres were suspended1D in distilled water with a final
lustrated by a solid and a dotted line and pointed out in theoncentration of about 50 beagd. A drop of several mi-
two figures showing an enlarged view of the field includingcroliters was put on a cover glass and covered by a small
the objective lens and the dielectric mirror. In the left-handcap to prevent evaporation. The microspheres were trapped at
view, due to the divergent beam, the focus of the opticah power of the optical tweezers of about 100 mW to 200 mW.
tweezers is situated above the focal plane of the objective. Be- We determined the ring dimension of the individual cross
cause the reflected signal (dotted lines) is coming from ousections of a microsphere with the software LSM 510 2.01
of the focal plane, the pinhole suppresses this signal. In th€Carl Zeiss Jena GmbH, Jena, Germany) using the profile
right-hand view the objective lens is shifted, placing the refunction. This function displays the intensity in an optical
flected focus of the optical tweezers (solid lines) in the focakection along an individually drawn straight line. Drawing
plane of the objective. Here the signal is focused onto the pirthis line across a ring through its center, two intensity maxima
hole resulting in a maximum signal. can be seen. The distance between these maxima was taken
The power of the optical tweezers emerging from the obas the ring dimension. To reduce the random error accom-
jective was recorded by placing a power meter (407 A, Speganying this kind of determination, the ring dimension was
tra Physics, Darmstadt, Germany) just behind the particuladetermined by drawing the line four times across each ring
objective close to its focus. through its center, each line forming an angle of #4th the
former line.

1.3 Fluorescent microspheres
1.4 Elodea densa
Fluorescent microspheres with a diameter ofuib (varia-
tion of bead diametet 3%) (FocalCheck F-7237, Molecular Elodea densa (Canadian waterweed) was commercially ob-
Probes via Mo Bi Tec, Gottingen, Germany) were used agained. For investigations with the CLSM, individual leaves
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were freshly excised from a plant and mounted between twg1.25 (upper curve). The highest relative objective positions
cover glasses with some tap water. Quiet cells were directlgt the stage position 10 mm are arbitrarily set to zero. With
illuminated by the halogen lamp (“HAL" in Fig. 1a) to induce increasing stage position (increasing distance between fiber
or accelerate their cytoplasmic streaming. For confocal imagend and lens “L” in Fig. 1a) the objective position at max-
ing the chloroplasts were excited with the 488-nm line of themum signal is nonlinearly shifted upward, meaning that the
argon-ion scanning laser and showed an autofluorescence deeus of the optical tweezers is shifted downward twice the
tected with a long-pass filter above 505 nm. Trapping of thalistance of the objective shift due to reflection. Thus, mul-
chloroplasts was done using a power of the optical tweezetiplying the relative objective position in Fig. 2b by a factor
of about 100 mW to 200 mW. With this power no cell damageof 2 reveals the final calibration curve giving the translation-

was observed. stage position that maintains the focus position of the optical
tweezers as a function of the relative axial objective position.
1.5 AR42] cells Hence, a compensation of an objective motion to maintain the

relative axial focus position of the optical tweezers appears

AR42J cells (ATCC, Manasses, USA) were cultivated af0ossible over a-distance of about 20m for the 100< ob-
37°C and 5% C® in RPMI medium with 10% FCS Jective and of about 50m for the 63« objectlve,_restnc_ted
(SIGMA, Deisenhofen, Germany). For microscopy, cellsPy the travel length of the translation stage. Since different
grew on cover glasses under the same conditions for twgPjects are held at slightly different heights with respect to
up to five days. Staining was performed with cSNARF-AM the focus of the optical tweezers [19, 20], the zero point of
(Molecular Probes via Mo Bi Tec, Géttingen, Germany) atthe calibration curve will finally be given at the stage position
a concentration of 1@g/ml in RPMI medium without FCS. where the center of a partlcular trapped objectis pIat_:ed in the
After incubation over 5 to 15 min the cells were rinsed withfocal plane of the objective. The particular zero position can
RPMI medium without FCS. Staining and microscopy wereP€ Simply adjusted within the developed controlling program.
performed in a thermostat (Bachofer, Reutlingen, Germany) Besides this, we determined the power of the laser light
at 37°C. Fluorescence was excited using the 488-nm andsed for optical tweezers emerging from the objective as
543-nm lines of the scanning lasers. Emission was detectéd function of the stage position (see Sect. 1.2). Figure 2c

with two band-pass filters (565-595 nm, 625—656 nm). shows the power of the optical tweezers given in percent of
the laser-output power for the 1Q0objective (lower curve)

and the 6% objective (upper curve). Obviously, a linear rela-
2 Results tionship exists between the power of the optical tweezers and
the stage position, being maximum at the smallest distance
2.1 Compensated motion of the focus of the optical tweezers between the fiber end and the external lens. Thus, trapping ef-
ficiency decreases with increasing stage position, i.e., when
For the 3D imaging of objects fixed by optical tweezers wethe focus of the optical tweezers is shifted downward.
started with the following approach: by varying the distance Furthermore, to compensate the axial focal-plane motion,
between the fiber end fixed on the motorized translation staghe actuak-position of the objective has to be available with-
and lens “L", by moving the fiber end along the optical axisout delay at any time. Otherwise the trapped object is still
(see Sect. 1.1 and Fig. 1a for more details), the divergenamoving with the focus of the optical tweezers when the next
of the beam entering the back aperture of the objective igptical section is scanned duriggsectioning. We could cal-
changed. In this way the focus of the optical tweezers can beulate the actual relative objective position from the signals
effectively shifted perpendicular to the focal plane (along thecontrolling the motor that shifts the microscope objective (for
z-axis). This allows the compensation of an axial focal-planenore details see Sect. 1.1 and Fig. 1b). Although translation-
motion by a simultaneous reverse motion of the focus of thestage motion starts almost immediately with axial objective
optical tweezers in such a way that a trapped object maintaimaotion (after about 20 ms), the final stage position is reached
positioned on its intended position in the specimen. some 100 ms after objective positioning is completed. Since
For the realization of this approach it is necessary to detetthis time lag is situated in the time lag between the record-
mine a calibration curve giving the translation-stage positioring of two optical slices during-sectioning, it has no visible
as a function of the axial objective position in such a wayeffect.
as to maintain the trapping position of the optical tweezers
when the objective is moved. This was done using a dielectric
mirror highly reflective at 1064 nm as a specimen reflecting?.2 Test of the compensation
the laser light used for optical tweezers (see Sect. 1.2 and
Fig. 2a for more details). Here, usirgsectioning in laser Surface-stained microspheres with a diameter qiitSvere
scanning mode the-position of the objective showing the used as test objects. When a drop of these polystyrene beads
optical section with the maximum intensity of the reflectedsuspended in distilled water was put on a cover glass, the
signal was determined for different stage positions with arbeads dropped onto the surface within a few minutes. It
average accuracy af250 nm. On these particular objective turned out to be hard to trap them once they were situated on
positions the focus of the optical tweezers was situated ithe cover-glass surface. So they were trapped by turning on
the focal plane of the objective (see Fig. 2a: maximum sigthe optical tweezers when a bead, moving to the cover glass,
nal). The results are displayed in Fig. 2b showing the stageeached a position shortly under the final trapping position.
positions as a function of the determined relative objectiveAbove this position the bead was pushed away as radiation
positions at maximum signal intensity for the objectives Planpressure countered the restoring force from the intensity gra-
Neofluar 100x /1.3 (lower curve) and Plan-Neofluar 63  dient. Due to the surface stain (see Sect. 1.3), these beads,
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Zero position is given at the objective position with maximum
ring dimension, i.e., at the ring center. This curve and the
X — z view in Fig. 3a represent the reference used forzhe
sectioning of microspheres trapped by the optical tweezers.
For this we started with the objective Plan-Neofluar ¥00
/1.3 ail using the lower curve shown in Fig. 2b. The-z
view obtained from a-sectioning of a microsphere trapped
i prs | at a distance of about 20m to 30um from the cover-glass
16 surface is shown in Fig. 3c. Compared with the reference in
T Fig. 3a it clearly appears compressed in theirection due
to ignoring the multiplication factor 2. The determined ring
dimensions as a function of the relative objective position
together with the reference curve are shown in Fig. 3d. Com-
paring both it turns out that a multiplication factor of about
2.2 instead of 2 would have been relevant under the par-
ticular conditions. Equivalently, a factor of about 2.5 turned
out for the objective Plan-Neofluar63/1.25 oil (results not
shown). Considering these new factors to get the final calibra-
tion curves, the results obtained for microspheres trapped by
the optical tweezers are shown in Fig. 3e-h: Figs. 3e and 3g
showx — z views taken with the 100 and 63« objectives,
respectively. The respective ring dimensions as a function
of the relative objective position together with the reference
: curves are shown in Figs. 3f and 3h. Now the z views of
16 the trapped microspheres and the determined ring dimensions
4 match well with the reference ones over thdimension of
15um that could be tested with the microspheres.

I

Ring dimension | jm]

Ring diumension [gm)]

Ring dimension | pm]

Plan{Neofllar | 00x/1.3

2.3 CLSM imaging of moving chloroplasts of Elodea densa

g dsmensian | m]

7 'p,i.n_'\w;Lr..;,._-,_P; We imaged chloroplasts (Em to 10um in diameter) in

0 et asaEEAY leaf cells of Elodea densa (Canadian waterweed) in order to
e s il - demonstrate the optical tweezers for the 3D imaging of mov-
Fig. 3a—h. Compensation test with 1sm microspheresa x — z view of mhgl Ob]elmst Ir! Cle.” .tt)l%lotgy' -trhhe ICell cytoplasrglcontalunmg the
an individual microsphere lying on the cover-glass surface in water (Plaﬁ:— oroplasts Is imite O.a In ay.er S.urroun !ng alarge cen-
Neofluar 100« /1.3 oil, 1024x 1024 pixels, interval 300 nmp Reference tral vacuole. Cytoplasmic streaming is seen in most cells as
curve: Dependence of the ring dimension of the cross sectieny(views)  a cyclic movement along the cell walls with streaming rates of
fn'?ctr'j)es gﬁ'ea}g‘?r;bieggz pggggg-;%tf;tfgé“bfogr;;ilcgoosrgh;rgfsirﬁgegrg;tmﬁ) to 12um/s [21]. It has been known for a long time that vis-

| a, w \V/( I Yy Y| ! | . . . . .
¢ x—2z view of a microsphere trapped by the optical tweezers using th le “ght .Can a.lcceleraFe the CytoDlasmIC Streammg in the c.:e”S
lower curve of Fig. 2b (Plan-Neofluar 160/1.3 oil, 1024x 1024 pixels, ~that are illuminated d"jeCtly [22]. We Use_d this eff_ect to in-
interval 450 nm).d Ring dimensions dots) of the cross sectionsx(-y  duce or accelerate a vigorous cytoplasmic streaming in quiet
views) of the microsphere inas a function of the relative objective position cells (see Sect. 1.4).

compared with_the reference curvelm’(s_olid line). Each dia_meter was de- Due to |0ng image formation times of up to several sec-
termined four times and the data are fitted by a polynomial of third order. dsin | . de. the chl lasts following th
e Same ag, but using lower curve of Fig. 2b multiplied by a factor a2 O]’] sin aser'scann,mg mo e_' € chloroplas S, 0 meg, e
(interval 300 nm)f Same agl, but ring dimensions of the microspheredn  Vigorous cytoplasmic streaming could not be imaged with-
g Same ag, but using the upper curve of Fig. 2b multiplied by a factor of out motional blurring as shown in Fig. 4a, using a scan time
2.5 (Plan-Neofluar 6% /1.25 oil, scale bar fum). h ring dimensions of the per frame of 157 s (1024>< 1024 pixels, average 2). With the
microsphere irg compared with the reference curve of the>6A1.250ll i a| tweezers an individual moving chloroplast could be
objective . . .

fixed and shifted to the chloroplast-free cell center for undis-
turbed imaging, as shown in Fig. 4b. Using the optical tweez-
ers for 3D imaging, Fig. 4c shows several optical sections of
8_trapped chloroplast spacedzantervals of 450 nm.

when viewed in cross section { y view) with the CLSM,
appeared as fluorescent rings of varying dimensions depen
ing on the focal-plane position. Usirmgsectioning a typical
vertical view & — z view) of an individual bead situated on 2.4 Dislocation of zymogen granulesin AR42J cells

the cover-glass surface in water is shown in Fig. 3a. The sec-

ond ring appearing in the lower part of this view is caused byPancreatic acinar cells are the starting point of pancreatitis,
a beam splitter the fluorescence signal has to pass throughe self-digestion of the pancreas, and sometimes of pan-
We determined the ring dimensions of the individual crosreatic cancer. The cells possess zymogen granules (ZGs)
sections as a function of the relative objective position agontaining proenzymes that get acidified to maintain the
explained in Sect. 1.3. After averaging the data from four dif-inactivity of the proenzymes and change their subcellular lo-
ferent microspheres the curve shown in Fig. 3b was obtainedalization during a maturation process [23, 24]. To examine



Fig.4a—c. CLSM imaging of chloro-
plasts of Elodea densa A group of
chloroplasts moving vigorously in the cy-
toplasmic streaming (10241024 pixels,
scan time 15 s).b A single chloroplast
fixed by the optical tweezers (1024
1024 pixels, scan time 1Bs). ¢ Cross
sections X—y views) of a chloro-
plast fixed by the optical tweezers
with a z-spacing of 45@um (512x
512 pixels, scan time per frame.9ls).
(Plan-Neofluar 106 /1.3 oil, scale bars
5um)

while these objects are three-dimensionally imaged by the
laser scanning microscope, for example in studies on the ef-
fects of intracellular microenvironment on organelle shape.
An alternative attempt to solve the problem of the
movement of the focus of optical tweezers during three-
dimensional image acquisition in CLSMs has been published
in the literature [16, 17]. Here, in an inverted CLSM, an ad-
ditional high numerical aperture objective placed opposite to
the imaging one has been used to focus the laser used for the
: optical tweezers into the specimen. In this way the optical
Ry . e Ak paths of the confocal imaging system and the laser tweezers
Fig. 5a,b. Displacement of zymogen granules (ZGs) in AR42J cells by optiSystem are completely separated and the two devices can op-
gal tweez%r-flrah': &eg:kgdag éiﬁig g;lllovcvgtri\ Otrr]\rgse i\:]iziig;eZdG& t?lr;]eQ Sm:rr]léeg erate independently. A disadvantage is the limited specimen
y a ring. i i i i
arrow. (Plan-Neofluar 100 /1.3 oil, 1024x 1024 pixels, scale barjsm) F(E)Tfflf Q ?:zig Ciltl)?nlgl;z‘lnr:g ,d:: dtgég?;;ﬂgltyr ;jpeg:]agdler;_gc?gr? (I;I;[/yof
the optical tweezers with increasing penetration depth in the
the regulation of the ZG acidification in AR42J cells, derivedspecimen arising from spherical aberration [16, 26, 27]. Fur-
from pancreatic acinar cells [25], as a function of the ZGthermore, the use of devices like a microinjection apparatus or
position in the cell, we started to dislocate ZGs by the opa thermostat is strongly restricted or even impossible because
tical tweezers and to observe intracellular pH with the dyahe specimen has to be placed between two cover glasses
cSNARF-AM in the CLSM. Figure 5 shows the dislocation of when using an oil-immersion objective as additional objec-
an individual ZG in an AR42J cell using a power of the opti- tive. These problems are not relevant with our set-up where
cal tweezers of about 120 mW. Because the optical tweezetBe imaging lasers of the laser scanning microscope and the
is always located in the frame center, the specimen has to baser used for the optical tweezers are focused independently
moved for the dislocation of the trapped ZG. Thus, the cellusing the same objective lens.
appears shifted with respect to the frame after ZG displace- The test of the compensation using surface-stained micro-
ment in Fig. 5b. The observable morphology change duringpheres resulted in a multiplication factor of the calibration
displacement has to be the subject of further experiments tourve differing from the theoretical factor 2. Factors of 2.2
distinguish between effects caused by the light used for thand 2.5 for the Plan-Neofluar objectives 001.3 oil and
optical tweezers and displacement effects. 63 x /1.250il, respectively, turned out to be relevant. This
The compensated motion of the focus of the opticalis because we only studied the focus position of the op-
tweezers will be necessary in future studies for the correct pdical tweezers using a mirror for the determination of the
sitional information of the ZG at subcellular level before andcalibration curves. Actually, the axial trapping position of
after dislocation. an object in the optical tweezers is relevant and should be
studied. This was done by using surface-stained microspheres
as test objects. However, the trapping position can be influ-
3 Discussion enced by different factors. For example, a changing distance
between the focus of the optical tweezers and its trapping pos-
The experimental set-up presented here expands the fieliion is most likely when the focus of the optical tweezers
of applications of optical tweezers in confocal laser scanis shifted perpendicularly to the focal plane of the objective.
ning microscopy. It is now possible to image objects threeAnother problem ignored using a mirror for the calibration
dimensionally, such as chloroplasts in a cytoplasmic streanarises from optical effects such as spherical aberration. Spher-
ing, without distortion due to object movement during theical aberration is induced by mismatches in the refractive
image-acquisition time. In other applications optical tweezindex between cover glass and mounting medium, resulting
ers can exert a tension on objects to maintain a dislocatioim paraxial rays are focused differently from peripheral ones.



The resultis a blurring of the intensity distribution of the focal 4.

region. Furthermore, the focus is situated closer to the cover

glass [27,28]. Hence, leaving the cover-glass surface results>
in a loss of resolution, intensity, and a focal shift. This affects
the confocal imaging [15, 16] as well as the optical tweez-
ers [17] and its trapping position. First studies with micro-

spheres trapped by the optical tweezers without compensatior:

showed a change of the axial position of a trapped micro-

the penetration depth was increased (results not shown). Here,

spherical aberration may have affected the trapping positiori0.

of the optical tweezers differently from the focal-plane pos-
ition of the objective due to the different wavelengths used,

depending on the penetration depth in the specimen. Becausg.

this observation may have the consequence of calibration

curves being dependent on the penetration depth, the effedB. _ _ _
14. G. Leitz, G. Weber, S. Seeger, K.O. Greulich: Physiol. Chem. Phys.

of spherical aberration will be the subject of future studies.
Since different objects have different shapes and optical props 5
erties resulting in different trapping positions in the optical

tweezers, it further will have to be tested if they need separatee.
. K. Visscher, G.J. Brakenhoff, J.J. Krol: Cytomet#; 105 (1993)
18.

calibration curves.
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