


illustrated in Results, it is a precise determination of the border 
of the nucleus, see Fig. 11 

 

Fig. 3. Additional functions that follow the presented steps for quasi-FLIM 

and final presentation of a sample. 

C. Biological Samples 

CMs were isolated from two-day-old neonatal rats by 
trypsin digestion (0.2% w/v). After that the cells were 
resuspended in Iscove’s modified Dulbecco’s medium 
(IMDM) (Sigma-Aldrich, I6529) and Medium 199 (Sigma-
Aldrich, M4530) in a 4:1 ratio and supplemented with horse 
serum (10%), fetal calf serum (5%), penicillin (100 U/mL), and 
streptomycin (100 μg/mL). After the isolation, the cells were 
cultured for 2 hours to an attachment of non-myocardial cells. 
Thereafter the non-adhesive cardiomyocytes were centrifuged 
in a new tube, washed and centrifuged again at 150 × g for 10 
minutes. The suspension, enriched in non-adhesive CMs, was 
transferred to confocal 35 mm dishes (In Vitro Scientific, D35-
14-1.5-N) at a density of 5×103 cells/dish and cultured in 
standard DMEM (Sigma-Aldrich, D6546) and Medium 199 
(4:1) with penicillin (100 U.ml-1) for 48 hours in conditions of 
21% O2 and 5% CO2 at 37°C. After the incubation, cells were 
fixed with 4% w/v formaldehyde (Sigma-Aldrich, F8775) and 
permeabilized with 0.2% w/v Triton X100 (Sigma-Aldrich, 
X100). Then DAPI (Sigma-Aldrich, D9542) and ActinGreen 
488 (ThermoFischer Scientific, R37110) were used to stain the 
nuclei and cytoskeleton for visualisation by confocal 
microscopy. 

MSCs were harvested and cultured via standardised 
protocols. Bone marrow cells were isolated from the bone 
marrow of femurs by flushing the medium into the bone shaft. 
The cell suspension was digested by collagenase I (type S, 
Yakult Pharmaceuticals; 0.2 mg/ml), filtered through a 40 μm 
nylon filter (Falcon BD), washed by Iscove’s modified 
Dulbecco Modified Eagle’s Medium and plated at a density of 
2.5×103/cm2 into the chamber of 24-well plates. Cells were 
grown in complete DMEM (with 10% fetal bovine serum and 
2% penicillin-streptomycin) at 37°C and 5% CO2. Passaging 
was repeated when 80% confluence was obtained. MSCs from 
the third or fourth passage were used for experiments. 
Nanoparticle labelling of stromal cells was realised by 
optimised lab protocol. We used SPIO nanoparticles with 
covalently bound rhodamine. The addition of nanoparticles to 
the medium (50 μg Fe2O3/mL) caused their accumulation in the 
cell’s body (mainly in lysosome), the significant accumulation 
after the first 12 hours can be monitored by fluorescence 
microscopy. 

All animal experiments were performed in accordance with 
the laws of the Czech Republic (Law on Animal Protection and 
Decree of Ministry of Agriculture on Experimental Animal Use 

and Breeding) and were approved by the local Committees for 
the Use of Experimental Animals. 

D.  Data Acquisition 

Isolated cardiomyocyte cells and rat bone MSCs were used 
to test the method. The prepared cells were scanned by a 
confocal laser scanning microscope in sequence mode with a 
TimeGate setting of 15 time bands, where w = 3.5 ns and k = 
0.5 ns steps (see Fig. 1. for details). Accordingly, we set up the 
range of 0.3–3.8 ns, 0.8–4.3 ns, 1.3–4.8 ns, 1.8–5.3 ns, 2.3–5.8 
ns, 2.8–6.3 ns, 3.3–6.8 ns, 3.8–7.3 ns, 4.3–7.8 ns, 4.8–8.3 ns, 
5.3–8.8 ns, 5.8–9.3 ns, 6.3–9.8 ns, 6.8–10.3 ns, and 7.3–10.8 
ns. The fluorescence intensity for one cell detected by confocal 
microscopy in time interval 0.3–6.3 ns after the laser pulse 
(first six detection windows) is presented in Fig. 4. 

The excitation wavelength of 530 nm and emission filter 
570–620 nm was used for stromal cells stained with SPIO-
rhodamine nanoparticles. The excitation wavelength of 490 nm 
and emission filter 500–550 nm was used for neonatal 
myocytes. The physical length of the image sequence is 92.26 
× 92.26 𝜇m with spatial resolution of 512 × 512 pixels. 

 

Fig. 4. Illustration of fluorescence decrease several nanoseconds after the 
laser pulse. X–Y view of one stromal cell fluorescence scanned in TimeGate 

setting of time band in the range of 0.3–6.3 ns, the opening time 3.5 ns, 0.5 ns 

steps. Scale bar 20 µm. 

III. RESULTS 

We used a Matlab computing environment to implement 
the developed method for quasi-FLIM image processing. 
Segmentation was based on the fluorescence lifetime 
parameter. First, the image sequence of rat bone MSCs stained 
with SPIO-rhodamine nanoparticles was processed (see 
Fig. 4.). The result of fluorescence lifetime calculation is 
shown in Fig. 5. Median filtering was applied to eliminate 
noise. 
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Fig. 5. Rat bone MSCs. Fluorescence lifetime colour bar and selected ROI 

(white rectangle). Scale bar 20 µm. 

SPIO-rhodamine nanoparticles were predominantly 
localised in the cell lysosomes, which is in accordance with the 
final output image from the proposed method. Globular and 
octopus small bodies in the cytoplasm (orange and red pixels in 
Fig. 5.) are clearly visible. Obviously, the accumulated SPIO-
rhodamine in lysosomes has a longer fluorescence lifetime. 
The enlarged selected ROI with FLIM surface including 
horizontal and vertical sides is shown in Fig. 6. for detailed 
visualisation of organelles or their micro connection and 
changes in time. 

 

Fig. 6. Detail of ROI from Fig. 5. Fluorescence lifetime colour bar, scale bar 

5 µm. 

Mostly, fluorescence image segmentation is based on the 
fluorescence intensity value. In our case, the image 
segmentation was based on fluorescence lifetime scale (see 
Fig. 7.). 

 

Fig. 7. Detail of ROI from Fig. 5. Fluorescence lifetime colour bar and 

segmented cropped selected ROI, the threshold value is 2.5 ns. Scale bar 5 

µm. 

The advantages of the method can be further documented 
with processing the sample where two or more fluorescence 
probes are used simultaneously. Isolated cardiomyocyte cells 
were stained with ActinGreen 488 and DAPI to visualise the 
actin structure and nucleus, respectively. In Fig. 8 (the left 
panel), the FLIM surface is presented. The nuclei fluorescence 
lifetime is several times longer than the actin fluorescence 
lifetime, thus, the segmentation of various structures can be 
successful. 

 

Fig. 8. Isolated cardiomyocyte cells. Fluorescence lifetime colour bar, high 

contrast of nuclei (dark red pseudocolour) and actin (blue pseudocolour) (on 
the left panel), the fluorescence intensity image (on the right panel). White 

rectangle represents selected ROI. Scale bar 15 µm. 

For further data processing, a part of the image that 
contained the nucleus and actin around it was cropped (see 
Fig. 9.). 

 

Fig. 9. Isolated cardiomyocyte cells. Fluorescence lifetime colour bar and 

cropped selected ROI from Fig. 8. Scale bar 3 µm. 

Segmentation of the nuclei was provided by eliminating 
areas with a low fluorescence lifetime (see Fig. 10.). The 
threshold value of about 4 ns was used to achieve the presented 
result. 

 

Fig. 10. Isolated cardiomyocyte cells. Fluorescence lifetime colour bar and 

segmented cropped selected ROI, the threshold value is 4 ns. Scale bar 3 µm. 
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The rendering surfaces of the segmented structures are 
presented in Fig. 11. A threshold value of 2 ns was used and 
thus actin was segmented in the image. Then, the nucleus was 
segmented with a threshold value of 4 ns. Both structures were 
rendered as isosurfaces in green and blue colour. 

 

Fig. 11. Isolated cardiomyocyte cells. Fluorescence lifetime colour bar and 
segmented cropped selected ROI, the threshold value is 2 ns (green surface) 

and 4 ns (blue surface). Scale bar 3 µm. 

IV. DISCUSSION 

The scanning of a lifetime in different points of small 
biological samples has become a technical and economic 
reality for academic labs in recent years. The primary result 
after our 3-D confocal scanning of cells is a three-dimensional 
data array that represents the pixels in the two-dimensional 
scan (confocal layers), each pixel containing a value of 
fluorescence intensity in a large number of time intervals (time 
channels) after the excitation pulse. The fluorescence 
demonstrates an exponential decrease over the course of a few 
nanoseconds. 

Transformation of the exponential curve or lifetime values 
to the visual pseudo colour 3D map is not a standard function 
of the confocal microscope, but it was the main aim of our 
work. The software utility was created and tested, and the first 
evaluation of the transformation of lifetime data to the 3D 
image was made on data from adhesive cells (MSCs with 
SPIO-rhodamine nanoparticles inside the cells). The next test 
was made on neonatal cardiomyocyte (where nuclei and 
cytoskeleton display different lifetimes). The last evaluation 
was made on thermosensitive nanoparticles (fluorescence with 
lifetime affected by temperature). 

The first evaluation shows the great advantages of a clear 
resolution of lysosomes in MSCs (see Fig. 5.), with excellent 
results in 3D visualisation visible also for the nuclei and actin 
structures of cardiomyocytes (Fig. 8.). The second evaluation 
on thermosensitive particles (data not shown), also showed 
good spatial resolution of the methods; small clusters with 
different temperatures (mitochondria in specific biological 
phases, or heating of some region after infrared pulses, for 
example) can be precisely visualised and segmented by our 
software.  

Our software can also bring new possibilities for all 
practical applications of FLIM in subcellular thermometry [12], 
pH quantification in biological objects [17], and gas 
concentration in microenvironments and inside the cells [18]. 
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