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1 | INTRODUCTION

Confocal fluorescence microscopy is a powerful tool in different sci-
entific fields like biology and biomedicine. The principal feature of this
technique is that only light emerging from the focal plane of the
microscope objective contributes to the image, while out-of-focus

light is suppressed. By acquiring images at different planes, it is

Reinher Pimentel-Dominguez®

Pablo Loza-Alvarez*

Focus precision and stability is crucial in confocal microscopy not only for image
sharpness but also to avoid radiometric fluctuations that can wrongly be interpreted
as variations of the fluorescence intensity in the sample. Here we report a focus vari-
ation provoked by a continuous wave laser of 810-nm wavelength introduced along
the optical path of an inverted confocal microscope with an oil immersion x 60 objec-
tive. When the laser is turned on or off, the focus position drifts toward lower or high
values of the vertical coordinate z, respectively. The maximum drift observed was
2.25 pm for a laser power of 40 mW at the sample and over a 600-s exposure time.
The temporal evolution of the focus position is well fitted by exponential curves that
mimic temperature variations due to a heat source. Our analysis strongly suggests

that the focus drift is due to heating of the immersion oil.

confocal microscopy, near infrared laser, optical tweezers

We report the change in focus position provoked by a continuous-wave 810-nm laser focalized
on a sample through the objective of a confocal microscope. Our results and analysis are consis-
tent with the immersion oil being heated by the laser, which modifies the oil refractive index

with a consequent noticeable focus drift.

possible to reconstruct 3D images of the sample (Jerome &
Price, 2018; Jonkman et al., 2020; Jonkman & Brown, 2015). There
are several kinds of confocal microscopes, but the most commonly
used is the confocal laser-scanning microscope, in which a laser is
scanned over the sample to excite fluorescent molecules. The signal is
then collected point by point to generate an image (Jonkman &

Brown, 2015). Confocal microscopy has been used in diverse contexts
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like the study of cells (Stephens & Allan, 2003), to image organs in live
animals (Marques et al., 2015), in ophthalmology (Erie et al., 2009), for
diagnosis in oncology (Guida et al., 2021), to cite but a few.

Confocal microscopy can be used in combination with other opti-
cal techniques with either the very same instrumentation or adapting
other optical elements. For example, together with fluorescence con-
focal microscopy, a near infrared (NIR) laser can be used for trapping
micron-scale objects in an optical tweezers configuration (Curran
et al.,, 2014; Hoffmann et al., 2000; Visscher et al., 1993; Visscher &
Brakenhoff, 1991; Vossen et al., 2004; Yevnin et al., 2013). The two
techniques can be implemented in different microscope objectives,
putting the sample between them (Visscher et al., 1993; Vossen
et al., 2004; Yevnin et al., 2013) or the NIR laser for optical trapping
can be inserted into the confocal microscope using a dichroic mirror
and use the same objective for trapping, exciting and imaging
(Visscher & Brakenhoff, 1991; Hoffmann et al, 2000; Curran
et al., 2014; Nemet et al., 2002). This combination allows controlling
micron-size objects in three dimensions and to capture a three-
dimensional image at the same time. By combining those techniques,
yeast cells (Visscher & Brakenhoff, 1991; Yevnin et al., 2013), bacteria
(Visscher et al., 1993), and plant cells (Hoffmann et al., 2000) have
been studied in the field of life sciences. In the physical sciences, the
properties of colloids (Curran et al., 2014; Vossen et al., 2004) and
fluid hydrodynamics (Curran et al., 2014; Nemet et al., 2002) have
been investigated.

Recently, our group used a confocal microscope to study the
effects of a NIR laser on fibroblasts plasma membrane. Confocal
microscopy was used to image cell membranes and to perform fluo-
rescence recovery after photobleaching (FRAP) experiments (Avila
et al., 2018) while a continuous-wave Ti:Sa laser of 810 nm wave-
length was focused on the area of interest. The NIR laser was
coupled into the confocal microscope using a dichroic mirror. In this
article, we report a variation of the best focus position along the
optical axis provoked by the NIR laser. When the laser is turned on
or off, the focus position drifts toward lower or higher values of
the vertical coordinate z, respectively. Visualizations S1 and S2 on
the online version of this paper show this effect: the confocal
image plane on a fibroblast cell changes when the laser is
turned ON.

2 | MATERIALS AND METHODS

21 | Experimental setup

The microscope we used is based on a Nikon Eclipse Ti inverted
microscope equipped with a C1si confocal system. Briefly, the config-
uration was set with the following characteristics: an excitation laser
of wavelength 561-nm, a Nikon oil-immersion objective Plan Apo VC
60X (1.4 numerical aperture) and a photomultiplier tube (PMT) detec-
tor to capture confocal images (see Figure 1). The sample is kept at

37°C using a temperature-controlled chamber (Tokai Hit stage top

incubator). Additionally, a continuous-wave NIR laser (810 nm) is
coupled into the microscope using a dichroic mirror (Semrock,
FF720-SDi01-25 x 36). The NIR laser is focused by the same objec-
tive used for imaging. Its position on the sample is set using galvano-
metric mirrors and controlled on a CMOS camera (Thorlabs,
DCC1545M) located on one of the lateral ports of the microscope.
The NIR laser power stability is monitored with a power meter prior
to enter the microscope. At the objective exit, the NIR power
is 40 mW.

22 | Samples

The fluorescent dye used in the present study was FM4-64
(Invitorgen, F34653). It is generally used to stain cellular membranes
because its quantum vyield is two orders of magnitude higher on apo-
lar solvents (like membrane lipids) than on polar ones like water.
Images were captured on the surface of 25 mm diameter round
#1-coverslips (Paul Marienfeld GmbH & Co. KG) that were previ-
ously treated with 2 pg/ml of collagen type I. The coverslip was
installed inside a Chamlide magnetic chamber filled with 1.5 ml of
cell culture medium plus 1 pl of FM 4-64 solution at 1 mg/ml in
Dimethyl Sulfoxide (FM 4-64 register solution). Culture medium was
used because NIH3T3 fibroblast cells were seeded on some sections
of the coverslip for other experiments (Avila et al., 2018). For the
present report, the fluorescent intensities were measured outside
cells, on the coverslip surface, where FM4-64 showed dimmed but
not null fluorescence, presumably due to the apolar portions of colla-
gen molecules. The cell-culture solution consisted of high glucose
DMEM (Dulbecco's modified Eagle's medium) plus 10% bovine-
inactivate fetal serum, buffered by HEPES (N-2hydroxyethylpipera-
zine-N-2-ethane sulfonic acid). A droplet of immersion oil (Cargille
Immersion Oil Type 37LDF) was placed between the microscope

objective and the coverslip.

2.3 | Experiments

The 561-nm green scanned laser excited the dye and the fluores-
cence was detected by the PMT confocal detector over the spec-
tral band ranging from 567.5 to 642.5 nm. Before each
experiment, the objective was focused on the upper surface of
the coverslip, that is, the bottom of the chamber containing the
dye solution (see Figure 2). Images were captured at different ver-
tical positions z of the focal plane, forming a z-stack. The confocal
pinhole size was set to 60 pm. Steps between planes where either
0.5 or 0.75 pm with a time interval between each plane recording
of 4.52 s (see Figure 2). The number of planes in the z-stacks var-
ied from 5 to 12. Two conditions were studied: when the NIR laser
is turned on and off, respectively. The infrared laser status
(on/off) was monitored using the transmitted light detector (see

Figure 1).
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Optical setup. The instrument is based on a Nikon eclipse Ti confocal microscope (red dashed line). A 561 nm laser (represented in

green rays) excites the FM4-64 dye and the emitted fluorescence (represented in yellow) is detected by confocal photomultiplier tube (PMT). A
Ti:Sa laser operating in CW mode provides the 810-nm radiation (represented in red) that enters through one of the rear ports of the microscope
and is reflected by a dichroic mirror. The infrared spot position is controlled with galvanometric mirrors labeled Galvo X and Galvo Y. Lenses

1 and 2 ensure beam expansion and conjugation of the galvanometric mirrors to the objective pupil. The 810-nm laser power is controlled with a
half-wave plate and a polarizing beam splitter that sends one polarization direction to a power meter and the other to the microscope. The
sample is mounted inside a chamber with temperature held at 37°C using a Tokai hit stage top incubator

3 | DATA ANALYSIS AND RESULTS

On each image of each z-stack, we measured the average fluores-
cence intensity inside an as large as possible region of interest (ROI)
not containing any cell part nor visible cell debris (examples of such
ROIs are shown in Visualizations S1 and S2 in the online version of
this paper). Such measurements for one z-stack conform an intensity
profile. The measurements are performed using a self-developed rou-
tine programmed in Jython language and run on Image J. Ten experi-
ments were considered, each consisting of a minimum of 11 and a
maximum of 34 intensity profiles. A total of 206 profiles were ana-
lyzed. For each experiment, we plotted the position (in z direction)
versus fluorescence intensity. Examples are shown in Figure 3. The
fluorescence intensity is maximum when the focus is localized on the
bottom surface of the sample chamber, where the fluorescent dye
lies. Let us name Z,, this best focus position (see Figure 2). To deter-
mine Z,, each intensity profile was fitted with a Gaussian function and

Z,, was given the value of z for which the fitted function is maximum.

Figure 3a,b show examples of this procedure. Values of Z, are then
plotted against time as shown in Figure 3c,d which correspond to the
data used in Figure 3a,b.

It is clearly seen that when the NIR laser is turned ON (purple
points and profiles in Figures 3a,c), the best focus position drifts
towards lower values of z. When it is turned OFF after being ON
(green points and profiles in Figure 3a,c), the focus starts to return to
higher values of z. When the NIR laser has not been turned ON in an
experiment, the focus remains fairly stable. An example of that is
shown in the blue profiles in Figure 3a and the corresponding data
points in Figure 3c. In the first set of profiles of in Figure 3b,d the NIR
laser was turned OFF but we do not know if it was ON or OFF prior
to the experiment (yellow dots and profiles). In Figure 3b,d one can
see that the overall focus drift can be as large as 2 pm. It is interesting
to note that Z, values drop (when the laser ON) more rapidly than
they increase (laser OFF). Data on Figure 3c,d that correspond to dif-
ferent status of the NIR laser are fitted with an exponential function
of the form
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which is inspired by the temporal solution of the heat equation
(Guenther & Lee, 1996). Note that a is negative when the laser is ON
and positive when the laser is turned OFF after having been ON.

For each measurement of Z,, the focus drift AZ, with respect to
the focus position at the beginning of the corresponding laser status
(ON or OFF) was calculated and plot against time in Figure 4. Only
cases when the NIR laser was either ON (purple) or OFF after having
been ON (green) are represented. A total of 128 and 78 data points
are plotted for the ON and OFF states, respectively. The fitted curves
obey the form of Equation (1). The values of the fitted constants are
shown in Table 1. The largest registered variations of the focus posi-
tion when the laser is ON and OFF are —2.25 and 0.75 pm,

respectively.

4 | DISCUSSION AND CONCLUSION

The experimental evidence presented here indicates that the NIR laser
light affects the focus stability of the confocal microscope. A physi-
cally plausible cause of this effect is heating provoked by the laser
within the optical system, namely the combination of the microscope
objective, immersion oil, and coverslip of the sample. The heat would
provoke expansion and modification of the refractive index in the
materials. A thermal analysis of the microscope objective was per-
formed using Zemax OpticStudio® software. The objective optical
design is described in by Yamaguchi (2003). The temperature of the
lenses was varied between 20 and 47°C. The maximum variation of

the consequent focus position was 0.1 pm. This result indicates that

-
>

the objective is extremely well thermally compensated and that the
focus variations do not come from it. Another component that could
contribute to the focus variation is the coverslip. However, the mate-
rial it is made of (borosilicate glass D263® M) has such low linear ther-
mal expansion coefficient (o =7.2 x 107® K~2) and thermal refractive
index variation (dn/dT = 2.2 x 107° K~%) (Rocha et al., 2016) that the
effects of the NIR laser on the coverslip can be neglected in a first
approximation.

Those considerations leave us with the hypothesis that the mate-
rial that contributes the most to the focus variation is the immersion
oil between the objective and the coverslip. Let us see if the experi-
mental findings are consistent with a rapid theoretical calculation. The
temperature variation ATq of a black body due to the absorption of
heat Q is given by

MTo=rt @

where m and C, are the mass and the heat capacity of the body. The
volume of immersion oil crossed by the laser beam is equal to
0.156mm®, as shown in Data S1. Considering the oil density of
984 kg m—3 (Cargille-Laboratories, 2018), the mass of that oil volume
is m = 153 x10-7 Kg. The heat capacity of the oil used is
C, = 1924) Kg=! K™! (Cargille-Laboratories, 2018). The heat
absorbed by the oil over a period of time At is

Q=pPAt (3)

where P= 40mW is the laser power at the exit of the microscope

objective. At is chosen as the time interval for which the focus drifts
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FIGURE 3 Two examples of the 10 experiments of focus variation induced by the NIR laser. Subfigures (a) and (c) correspond to one
experiment, (b) and (d) to another. Intensity profiles that consist of measurements (gray dots) and fitted Gaussian curves are shown in (a) and (b).
For the profiles not to appear overlapped on each other, a constant intensity value of 120 AU is added to each consecutive profile. Blue, yellow,
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that the NIR laser is OFF and has been so prior to the experiment. Purple and green correspond to the NIR laser ON and then OFF, respectively.
Yellow represents data where the NIR laser is OFF but its status prior to the experiment is unknown. Data in (c) and (d) are fitted with a function

of the form of Equation (1)

experimentally by 1 um when the NIR laser is ON. One can see from
Figure 4, that At is approximately equal to 230s. The absorption coef-

ficient g is obtained as follows:
p=1-e (4)

where « is calculated from the reported transmittance r=0.954 at
810nm along a distance x = 10 cm as a=—In(z)/x= 0.47m L. The
mean distance | that the laser rays travel through the immersion oil is
equal to 0.24 mm. The value obtained for j is thus 1.13 x 10™*. Using
those values in Equation (3), we obtain Q = 1.04 x 102 J, which in
turn leads to ATq = 3.5°C from Equation (2).

This means that considering the immersion oil as a black body,
the absorption of the NIR laser over 230 s induces a temperature ele-
vation of the oil of 3.5°C. Over that period of time, the experimental

results indicate that the focus drifts by 1 pm. The increase in oil

temperature can have two effects: a volumetric expansion and a mod-
ification of the refractive index. The first effect would have no impact
on the thickness of the oil film because the expansion would occur
toward the lateral edges of the film which have no mechanical con-
straint. The second effect would make the refractive index decrease,
since for this oil, the n/dT <0, as stated in the manufacturer data
sheet (Cargille-Laboratories, 2018). The refractive index is assumed to
have a linear dependence on the temperature, at least within the tem-
perature values of interest here (from 20 to 40°C approximately).
Figure 5 illustrates why a decrement in the refractive index of the oil
leads to lower values of the best focus position. Let Z,, be the distance
from a fixed reference altitude to the objective lens, when the object
is in perfect focus and the NIR laser is OFF (Figure 5a). With the NIR
laser ON (Figure 5b), the refractive index n’ of the immersion oil
becomes smaller than n, the refractive index without NIR laser. Con-

sequently, at the glass-oil interface, the rays coming from the sample
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experiments

refract away from the normal interface, the rays refract away from
the normal (8’ > g), which makes the rays diverge after the objective
lens and produce a blurred image. For the image to be in focus again
(Figure 5c), the objective lens has to be moved away from the object,
so that the outgoing rays recover parallelism. The distance Z,/
between the reference altitude and the lens is thus shorter than Z,..

In Data S2, we show that the increase in temperature of the
immersion oil that would produce a focus drift of 1 pm, due to the
change in refractive index, is AT _n=2.6'C, which is of the same
order of magnitude as ATq. The similarity between those numerical
results indicates that the observed change in focus position is consis-
tent with a decrease in the oil refractive index due to heating pro-
voked by the NIR laser.

Apart from the optical effect shown here, continuous-wave NIR
lasers can have effects on cellular samples. For example, the findings
of Avila et al. (2018) suggest the fibroblast cellular membrane
becomes more fluid when exposed to NIR laser. Blazquez-Castro
(2019) give a well-documented and comprehensive review of photoxi-
city and thermal stress in cells and biomolecules driven by optical
tweezers.

In optical trapping experiments, samples are routinely exposed for

long-time periods to relatively-high power optical power on the sam-

TABLE 1 Fit parameters
ple ranges from a few tens to one hundred mW, like in the experi-
Parameter . .
ments presented here. Most of the time, those experiments are done
Laser status a(pm) k(s™) using bright-field microscopy where a micron-change in focus may be
ON -33+04 0.0015 + 0.0003 difficult to notice. Moreover, in many experiments, the focus is
OFF 0.61+0.09 0.004 + 0.001 actively adjusted to maintain the trapped object in focus. However,
(a) (c) (c)
FIGURE 5 Effect of a decrement in immersion oil refractive index on the best focus position. The sample is mounted on a coverslip (light

blue). The objective lens of focal length f is represented by the blue double arrow. Its position with respect to a reference altitude is Z,, (a and b)
and Z,/ (c). Between the lens and the coverslip there is immersion oil whose refractive index is n” when crossed by the NIR laser (b and c) and n
when not (a). Without NIR laser (a), the microscope forms a well-focused image of the sample. When the laser is turned ON (b), the oil refractive
index n’ decreases from n, the value it has when the laser is OFF (a). That makes the rays outgoing the lens to diverge. For the rays to recover
parallelism and the image to be in focus again, the objective lens has to be moved away from the sample, so that Z,/ < Z,,
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when observations are performed with confocal microscopy, focus
changes are easily detected and may lead to erroneous conclusions.
For example, a focus drift can provoke a change in the measured
intensity that may be wrongly interpreted as an actual fluorescence
variation. The effect presented here may be unnoticeable when the
NIR laser is turned on during a long enough time, for the system to
settle to thermal equilibrium. Moreover, automatic focus stabilization
devices may be useful to compensate for the focus variations dis-
cussed in this paper.

It is pertinent to point out that if an ultra-short-pulse laser was
used instead of a CW one, presumably the focus drift due to thermal
effects would not be noticed, since the pulse duration is too short for
the oil to warm.

Our results may be the basis of a novel method to monitor the
focus stability in confocal microscopy. Fluorescent beads smaller than
the point spread function of the objective lens could be inserted in
the sample and used for focus monitoring. A focus variation would
translate into a variation of the measured bead intensity. This bead-
fluorescence method would be sensitive to refractive index fluctua-
tions of the immersion and sample media, and to the sample-lens dis-
tance too. A potential advantage would be that no other device than
the confocal microscope itself would be needed, as opposed to sys-

tems based on interferometric techniques that use an infrared diode.
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