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Abstract:  

Chromosome research is vital for cytogenetics, gene regulation as well as a myriad of vitally 

important aspects of organism health. The accurate preparation and analysis of human 

chromosomes is an important diagnostic procedure in clinical applications and medicine. 

Following a series of careful and critical chromosome preparation procedures and advanced 

imaging by fluorescence lifetime imaging microscopy (FLIM), we show that the current 

established method for chromosome preparation required further optimisation. The general 

standard fluorescence microscopy imaging of chromosomes does not inform on the overall 

preparation endpoint. We have applied FLIM as a critical analysis of the chromosome 

preparation process. Using immortalised (HEK293), cancer (HeLa) and primary cell lines 

(human T cell) and extracted chromosomes, we show that the overall excited state lifetime of 

their DNA labelled with fluorescence probes such as 4′,6-diamidino-2-phenylindole (DAPI) 

changes sufficiently to report on the sample preparation process and outcomes. The lifetime of 

DAPI when complexed with DNA changes from 3.2 and below 2.85 ns. Where such a 

significant reduction in lifetime is indicative of a poor chromosome preparation. The lifetime 

is affected by a range of factors including preparation drying time prior to staining as well as 

the mounting technique itself. 

These new optimised conditions method was applied on chromosomes to investigate the effect 

of different x-ray irradiations on cells. We found a reduction in fluorescence lifetime at 0.5 Gy 

at arms and heteromorphic regions as compared with other irradiation doses (0.1, 1 Gy) and 

the control (0 Gy). We conclude that FLIM is an excellent method to allow improved and 

consistent chromosome preparation and analysis. 
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Introduction 

 

Chromosomes store and transmit hereditary information including genetic variation. The 

preparation and analysis of human chromosomes i.e karyotyping is also an important diagnostic 

procedure in clinical applications and medicine where chromosomal instability and 

rearrangements are examined for the diagnosis of a number of haematological malignancies 

and prenatal/genetic medical disorders (Sumner, 1982, Tobias et al, 2011). Chromosome 

analysis often uses a variety of techniques, including karyotyping procedures such as Giemsa 

banding (G-banding); (Sumner, 1982) or multicolour fluorescence in situ hybridization 

(mFISH); (Yusuf et al, 2013; Bhartiya et al, 2021). Chromosome preparation for biological 

research and medicine is also critical in order to understand how genomes are organised and to 

furthermore examine several disease states including chromosomal DNA damage. 

Fluorescence imaging is seen as a standard tool in karyotyping and chromosome analysis.  The 

most frequent method to study chromosome organisation and behaviour has been optical 



microscopy. For this an accurate chromosome preparation procedure and visualisation is 

critical. 

The routine process by which chromosomes are extracted from live cell cultures is well 

established (Rǿnne, 1990; Binz et al, 2024) and follows the procedure suggested by Hungerford 

(1965). This involves arresting cells in pro/metaphase state using mitotic inhibitors such as 

colecmid or nocodozole, respectively (Haraguchi et al, 1997). Following this the cells are burst 

using a hypotonic treatment that is required to swell the cellular volume from which the 

chromosomes are released from the cell’s nuclei (Hsu, 1952; Makino and Nishimura, 1952; 

Hughes 1952). At this point chromosomes can be fixed to preserve chromosome spreads, most 

commonly methanol:acetic acid (MAA); (Sumner et al, 1973). This process is a significant step 

in obtaining and maintaining the well-defined chromosomal shape and distinct morphologies 

that we observe using an optical microscope e.g. karyotyping (Therman, 1980). Furthermore 

chromosomes can also be suspended into a polyamine buffer retaining both the  proteins and 

nucleic acid when purified by standard procedures (Lewis and Laemmli, 1982) and are highly 

condensed (Yusuf et al, 2014). However, there is currently no available method to determine 

the efficiency of steps in the overall chromosome preparation process.  

The use of excited state lifetime measurements of molecule is an important photophysical 

parameter that provides information about the environment such as molecular quenching (static 

or dynamic with other molecules), pH, Oxygen, energy relaxation, rotational dynamics, 

viscosity and energy transfer (Jana et al, 2016; Botchway et al, 2008; Clancy et al, 2023; 

Ahmed et al, 2021). Fluorescence lifetime (FLT) is defined as the average time a fluorophore 

remains in the excited state before emitting a photon and returning to the ground state. 

Fluorescence-lifetime imaging microscopy (FLIM) is the combination of lifetime 

measurements with fluorescence imaging. The fluorescence may be generated via one-photon 

or multiphoton excitation. The three key methods of generating excited state lifetime and the 

subsequent FLIM image are: (1) lifetimes frequency domain, (2) time-gating using a camera 

or (3) time-correlated single photon counting (TCSPC) combined with imaging methods. We 

have used the latter in this study and would thus focus on this technique. TCSPC requires 

pulsed excitation light source such as from a laser, a detector capable of discriminating single 

photons, an accurate timing device to synchronise the pulsed signal between the laser and 

detector, preferable to picosecond time resolution (Botchway et al, 2021). In the TCSPC-FLIM 

technique, a lifetime decay is obtained at the individual pixel-level, analysed using an 

exponential function and are colour-coded to produce images, Figure 1. FLIM is therefore a 



powerful way to interrogate and visually inspect the overall  chromosome preparation and 

outcome at the sub-micron resolution. 

Chromosomal DNA damage can lead to a variety of conditions and related defects including 

genomic instability, mutation and cancer. Such damage may occur both endogenously and 

exogenously (Huang & Zhou, 2021). The former is a result of normal metabolism, hydrolysis, 

oxidation, alkylation, and mismatch of DNA bases. Whilst the latter may occur via both non- 

and ionizing radiation ultraviolet (UV) radiation as well as various chemicals agents. FLIM has 

also been used to investigate the structure and compaction state in mitotic chromosomes 

(Botchway et al, 2021; Estandarte et al, 2016) and represents a developing area of research. 

Chromatin compaction through different stages of mitosis has been studied with an increase in 

compaction seen at prometaphase to late anaphase and a decrease during telophase (Llères et 

al, 2009). Studies have shown that small molecules including cations and polyamines influence 

the conformation and compaction of chromatin (Visvanathan et al, 2013) such as Ca2+ that 

plays a crucial role in mitotic progression and condensation of chromosomes (Phengchat et al, 

2016). The implications of this highlights the importance of chromosome research as a field, 

and therefore the optimisation of chromosome sample preparation.  

Using the FLIM technique, we observe the sub-optimal effect of the overall chromosome 

process such as the fixation, drying and concentration of DNA labelling probes. A consistent 

lifetime of 3.2  is reduced to below 2.85 ns when any part of the process is altered to a less 

optimal condition. Furthermore, FLIM was used to show that ionising radiation of mammalian 

cells leads to certain parts of the chromosome being more sensitive to damage than others 

and displayed a shorter lifetime. The lifetime of the heteromorphic region of chromosome 1 

in particular, is reduced from 2.7 ns to 2.1 ns (HeLa cells) and from 2.7 ns to 2.5 ns for (T cells)  

following 0.1 - 0.5 Gy irradiation.  

 

 

 

 

 

 



 

Materials and Methods 

A flowchart showing the complete chromosomes sample preparation procedure and live cell 

irradiation is shown in Figure 1. 

Cell culture  

HeLa (Henrietta Lacks) cells that are human cervical cancer cells (passage 5) were cultured in 

T75 flasks in phenol-red free DMEM media (Gibco, Life Technologies, UK) supplemented 

with 10% FBS (Gibco, Life Technologies, UK), 5 mM glutamine/1% glutamax (Gibco, Life 

Technologies, UK) and 1% penicillin-Streptomycin (Gibco, Life Technologies, UK) at 5% 

CO2 at 37 °C. Chromosomes were prepared from flasks that were 70-80% confluent. 

HEK293-cells that are originally derived from human embryonic kidney 293 cells were 

initially purchased from ECACC (UK). HEK293-cells were also grown in T75 flasks in 

phenol-red free DMEM media (Gibco, Life Technologies, UK) supplemented with 10% FBS 

(Gibco, Life Technologies, UK), 5 mM glutamine (Gibco, Life Technologies, UK), 5 mL 

sodium pyruvate (Gibco, Life Technologies, UK) and 1% penicillin-streptomycin (Gibco, Life 

Technologies, UK) at 37 °C with 5% humidity. Once the flasks were 70-80% confluent they 

were used for preparing chromosomes.  

Human T-cells are a primary cell line that were extracted from a female blood donor provided 

by Dr Sylwia Kabacik at the UK Health and Security Agency. The extraction and growth of T-

lymphocytes was done following the protocol outlined in Bhartiya et al. in 2021. The T-cells 

were incubated at 37 °C and 5% humidity at an angle of 10 ° from horizontal. They were then 

allowed to reach a density of approximately 3 x 105 cells per mL, at which point they were 

ready for chromosome preparation. 

 

Non mammalian cell lines  

Chinese hamster Ovary (CHO) cells, initially purchased from ECACC (UK), were grown in 

phenol red free Dulbecco’s modified eagle medium nutrient mixture F-12 (DMEM F-12) 

(Gibco, Life Technologies, UK). DMEM F12 was supplemented with 10% FBS (Gibco, Life 

Technologies, UK) and 1% Penicillin-Streptomycin (Gibco, Life Technologies, UK). The cells 

were grown to 70-80% confluence in 5% CO2 at 37 °C and if required were split 1:12. Prior 



to chromosome preparation cells were grown to a cell count of approximately 2 x 105 to 2.5 x 

105 cells per mL. 

Gerbil spleen cells were cultivated following the protocol described in Schain et al., 1995 to 

produce cells in suspension. Gerbil Spleen cells once extracted are stored in RPMI-1640 media 

(Gibco, Life Technologies, UK) supplemented with L-glutamine (Gibco, Life Technologies, 

UK) and 1% penicillin-streptomycin (Gibco, Life Technologies, UK). Chromosomes from this 

preparation were provided by Dr Thomas Brekke. Cells were cultured to a cell count of between 

3 x 105 and 4 x 105 cells per mL prior to chromosome preparation. 

 

X-ray Irradiation for Induction of Cellular DNA Damage 

HeLa, HEK293 and human T-lymphocytes were irradiated with 0.1 Gy for 12 seconds, 0.5 Gy 

for 1 minute and 1 Gy for 2 minutes and at 0 Gy as a control using hard X-rays at a dose rate 

of 1.7 Gy/min at the UK Health Security Agency (UKHSA). The X-ray source used was 250 

kVp, 13.0 mA at 500 mGy/min. (AGO X-Ray Ltd., West Coker, UK) fitted with both 1 mm 

copper and 1 mm aluminium filtering. Irradiations were performed at room temperature.   

Chromosome Preparation and methanol acetic acid fixation 

Chromosomes were prepared as previously described (Bhartiya et al. in 2021, Moralli et al, 

2011; Yusuf et al, 2013). Once cell cultures were grown to correct confluency, 10 µg/mL 

colcemid (Thermofisher Scientific, UK) was added. The cells including the colcemid were 

incubated for up to 16 hours at 37 °C with 5% CO2. After the incubation the cells were 

harvested for chromosome preparation. Adherent cell lines HeLa and Hek293 were trypsinised 

by adding 3 mLs of 10% trypsin-Ethylenediaminetetraacetic acid (EDTA); (Gibco, Life 

Technologies, UK) to the flask and incubating for 5 minutes in an incubator at 37 °C. Once the 

cells were in the solution, 3 mLs of cell media was added before cells were centrifuged at 1000 

revolutions per minute (rpm) for 10 minutes. All cells were centrifuged and the supernatant 

was subsequently removed. Prewarmed (37 °C) 75 mM Potassium chloride (KCL); (VWR, 

UK); (hypotonic solution) was added dropwise to the pellet and the cells were left to incubate 

in a water bath at 37 °C for 10 minutes. The tubes were centrifuged at 1000 rpm for 10 minutes. 

Meanwhile, a 3:1 methanol (Scientific Laboratory Supplies, UK), acetic acid solution (Sigma-

Aldrich, UK); (MAA) was prepared, this needs to be prepared freshly to be effective, as if left 

too long an MAA solution will react and undergo esterification. Once centrifuged, the 



supernatant was once again removed from the pellet and MAA solution was added dropwise 

to the pellet, while vortexing, before centrifugation at 1000 rpm for 10 minutes. This washing 

process with MAA was repeated three times.  The fixed samples were stable in the fixation 

buffer for several months at 4 °C. 

Following irradiations, the media of cells was replaced with appropriate fresh media and placed 

back in the incubator at 37°C with humidified 5% CO2. 0.15 to 0.2 µg/mL Colcemid 

(Thermofisher Scientific, UK) was added right after irradiation before placing the cells back in 

the incubator or between 7 hrs to 24 hr after irradiation.  

 

Chromosome Mounting on Microscope Glass Slides 

Prior to mounting, microscope slides were prepared by soaking them in 70% ethanol (Sigma-

Aldrich, UK) overnight in order to remove any grease on the slides. They were wiped with 

high grade colourless soft tissues and placed in a -20 °C freezer for 30 minutes. Once cool, the 

slides were removed and humidified by gently blowing on them. At this point 20-30 µL of 

fixed chromosome preparation solution was dropped onto the slide from a height of 

approximately 30 cm. This protocol was used for mounting all the cell lines used in this study 

apart from human T-cells. Instead, human T-cells slides were suspended approximately 5 cm 

above the slide. 

 

Polyamine chromosome isolation, decondensation and recondensation  

Chromosomes were prepared as previously described (Hayashihara et al, 2008; Sone et al, 

2002; Yusuf et al, 2014). HeLa cells were arrested at prometaphase using a combination of 

double thymidine block and nocodazole (Sigma, UK) at 2.5 mM and 0.1 µg/ml final 

concentration, respectively. Prometaphase HeLa cells were harvested at 6 h of nocodazole 

(Sigma, UK) treatment with mitotic shake-off. Chromosomes were isolated in-solution from 

the cells using polyamine (PA) buffer as follow: the cells were swollen in 75 mM KCl (VWR, 

UK) at 37 oC for 15 min. The cell pellet was retrieved by centrifugation at 1200 rpm for 5 min 

then resuspended in PA buffer (15 mM Tris-hydochloric acid (HCl) (Sigma, UK), pH 7.2, 80 

mM KCl (VWR, UK), 20 mM Sodium chloride (NaCl); (Sigma, UK), 2 mM EDTA (Sigma, 

UK), 0.2 mM spermine (Sigma, UK) and 0.5 mM spermidine (Sigma, UK) containing 0.12% 

digitonin (Sigma, UK). The cells were incubated on ice for 10 min, then followed by vortexing 



vigorously for 2 min. The suspension was centrifuge at 190 xg for 3 min at 4 oC to separate 

chromosomes from cell debris. The supernatant fraction containing chromosomes was 

collected and subjected to the second centrifugation at 1750 xg for 10 min at 4 oC. The 

chromosome pellet was gently resuspended in 500 µl of PA buffer and stored at 4oC. 

For imaging, ‘in-solution’ isolated chromosomes above were further diluted with PA buffer at 

1:40 dilution.  Diluted chromosome solution was loaded into wells of a poly-l-lysine (0.01%);  

(Sigma, UK) coated 8-well glass chamber slides (150 µl per well). Chromosomes were allowed 

to settle down on ice for 15 min, followed by centrifugation at 400 xg for 10 min at 4 oC. After 

centrifugation, chromosomes were stained with 4 µM DAPI (Thermo Fisher Scientific, UK) in 

PA buffer for 10 min at 4 oC. This was then washed 3 times for 5 mins using a PA buffer. The 

chamber slides were placed under Nikon Ti-E or Ti2-E microscope, with an x60, NA 1.2 water 

immersion objective for lifetime observation with single photon. To decondense chromosomes, 

PA buffer was replaced with EDTA-HEPES buffer (10 mM EDTA (Sigma, UK) in 10 mM 

HEPES pH 7.4 (Sigma, UK). Lifetime data was collected at 10 mins after buffer exchange. 

Chromosomal DNA Staining with DAPI, Hoechst and NuncBlue 

All slides were dried before the staining process where 15 µL of 4 µM DAPI (Thermo Fisher 

Scientific, UK) was added to the centre of the slide. A coverslip was then added directly over 

the drop of DAPI (Thermo Fisher Scientific, UK) ensuring that the stain covered the coverslip 

area. DAPI was then left for the required time before imaging. A similar technique was used 

for other stains, that is 15 µL of 4 µM Hoechst 33258 (Thermofisher Scientific, UK)  and 1 

drop of NucBlue (Thermofisher Scientific, UK). Once the required stain was applied, the slides 

were stored in the dark.  

 

Chromosome imaging by Epifluorescence microscopy Confocal and FLIM  

It was found easier to image the chromosomes first using a fluorescence microscope (Zeiss Z2 

Axio imager with Isis software) to identify the chromosome spreads prior to the confocal and 

FLIM imaging. Using a 10 x objective, the entire chromosome slides were scanned and the 

position of chromosome spreads were recorded. Next, a 60x (water or oil) microscope objective 

was used to obtain higher magnification of a chromosome spread. This same chromosome 

spread was then imaged using the confocal with FLIM acquisition. The setup used in this work 

has already been described in previous literature (Botchway et al, 2015). Briefly for single-



photon excitation a blue 405 nm laser (Becker & Hickl) was used. Imaging was carried out on 

a Nikon Ti-E or Ti2-E microscope, with an x60, NA 1.2 water immersion objective. A Nikon 

EC2 was used to raster-scan the laser, and the fluorescence was collected using the same 

objective. Fluorescence was detected using a hybrid photomultipler tube detector (one 

HPM100-40, Becker and Hickl). A bandpass filter (460/60) and together with a long-pass filter 

(FL450, Thorlabs) was used to filter out the laser.  

For the FLIM acquisition, the same confocal setup was used together with a Becker and Hickl 

SPC830 or a SPC-QC 104 computer controlled module. These were controlled by a SPCM 

(version 9.0, 64 bit) data acquisition software. The pixel number for the confocal and FLIM 

acquisition was set to a minimum of 256 x 256 or 512 x 512 The image is then acquired using 

the FiFo mode, which acquires individual photon and assigns a xy coordinate (and arrival time) 

then stores the data on the TCSPC PC card. FLIM setup can be seen in Figure 2. 

TCSPC and  FLIM calibrations 

Prior to FLIM data acquisition the instrument response function (IRF) was determined, to 

account for noise introduced by the electronics and laser fluctuations that may lead to complex 

excitation pulse profile. Moreover, the set-up was calibrated with known fluorophores, such as 

1 µM fluorescein, rhodamine B, 7-hydroxycoumarin carboxylic acid in water with well 

characterised and known lifetimes. Experimentation only proceeded when fluorescent lifetime 

measurements were within 5% of literature values (Ahmed et al, 2021). 

FLIM SPCImage software analysis  

Following the data acquisition, FLIM images were processed using the SPCImage software 

version 8 (Becker and Hickl). The first step in the data analysis is to set a threshold so that 

pixels with low photon counts (less than 100 Ph/s  in the peak channel are discarded). Typically, 

the threshold is set to between 25 and 35 for initial peak of 100), with the exact threshold being 

determined by the level of the background signal. The main aim of this step is only to analyse 

pixels that have photon counts above the set threshold using equation 1. Next, the model is set 

based on the decay curve shown, with the majority of FLIM readings requiring ‘incomplete 

multiexponentials’ due to the long FLT, and a repetition time of 12.5 ns is set off the 80 MHz 

laser. When the laser repetition rate can be varied, this incomplete decay analysis is no longer 

necessary. Where an average count of 100 is seen for most of the pixel binning up to 3 times 

may be applied to increase the photon count for the analysis. However, this has the effect of 

reducing the overall resolution of the FLIM image. The data points are fitted to a maximum-



likelihood estimation model. The next parameter tested for is the chi-squared value that needs 

to be 0.9 – 1.3, as this is a measure of goodness of fit. Therefore, a chi-squared value of >1.3 

suggests there are multiple lifetime components, whereas <0.8 may indicate a poor fit of the 

data. Both of which indicate that the data requires further and careful interpretation. The decay 

fitting for every pixel in the image generates  a mean histogram lifetime distribution as well as 

individual distribution and FLT values for each pixel. A false-colour range may also be 

generated to allow comparison of different chromosome spreads. 

Equation 1 
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Results and Discussion 

 

Investigating the sensitivity of different fluorescent stains for fluorescence lifetime 

imaging microscopy of chromosomes  

The use of DAPI for fluorescence imaging is well established for chromosome imaging 

(Bhartiya et al, 2021; Botchway et al, 2021; Estandarte et al, 2016). It is a fluorescent stain that 

binds strongly to DNA A-T minor groove (Tanious et al, 1992). Moreover, DAPI has been 

shown previously by Estandarte et al. in 2016 to give a strong difference in FLT between the 

heteromorphic regions of specific chromosomes, i.e 1. Here we compared the effectiveness of 

other DNA stains to determine any improvement in the current experimental protocol and the 

advantage offered by lifetime imaging to characterise the method effectiveness.  

We initially tested Hoechst 33258 as an alternative to DAPI and FLT measurements. Both 

Hoechst 33258 and DAPI bind to the minor groove of DNA and favour AT rich regions 

(Cavatorta et al, 1985; Portugal and Waring, 1988) as mentioned above. However, there are 

some key differences between Hoechst and DAPI, one of which is a greater cell permeability 

by Hoechst (Breusegem et al, 2002) so that it is used mostly for live cell imaging. This could 

improve the ability of Hoechst to stain the chromosome spreads and improve the signal (photon 



count) obtained from FLIM images. However, following FLIM data acquisition for equimolar 

probes (4 µM Hoechst and 4 µM DAPI), it was found that Hoechst resulted in a lifetime of 2.1 

ns with no clear arm to centromere lifetime difference, whereas the changes found for DAPI 

showed a clear arm (3.1 ns) and centromere (2.6 ns) lifetime differences  (Figure 3B and C, 

Supplementary table 1). This suggests that DAPI is a better chromosome stain to use for 

detecting FLT changes in chromosome preparation than Hoechst 33258. Similarly, 

experiments were performed using NucBlueTM staining (a Hoechst stain derivative and 

trademark from ThermoFisher). However, unlike DAPI and Hoechst 33258, NucBlue showed 

no difference in FLT across the length of chromosomes (Figure 3A, Supplementary table 1). 

NucBlue labels live cells DNA faster than Hoechst 33258 and DAPI, and have an excellent 

cell permeability. The use of NucBlue was unable to provide much information on the 

chromosome preparation fidelity- reproducibility and repeatability since the lifetime values do 

not change unlike that of DAPI and Hoechst 33258. Whilst this comparison compares FLT 

changes in human T cell chromosomes and investigates specifically the lifetime difference 

between the centromere and the chromosomal arms, it also demonstrates the sensitivity of 

different stains for FLIM imaging of chromosomes. DAPI showed the largest difference in 

lifetime of the stains investigated here, suggesting that it might also be the most sensitive to 

other changes in the micro and nano-environment for future work involving chromosome 

imaging.  

 

Effect of DAPI concentration on fluorescent lifetime of metaphase chromosomes  

The concentration effect of DAPI applied to chromosomes was examined using FLIM. Human 

T cell chromosomes were prepared and mounted onto slides and were subjected to different 

DAPI concentrations ranging from 0.04 µM to 400 µM. Chromosomes stained with different 

DAPI concentrations were FLIM imaged and the FLTs were acquired from the arms and 

heteromorphic centromeric region of chromosome 1. Chromosome 1 was selected as it is the 

largest chromosome and easy to identify. The results of these are shown in Figure 4, where the 

graph shows little to no difference in the DAPI FLT between 0.04 µM and 4 µM. Between 40 

µM and 400 µM DAPI, there is no significant difference in DAPI FLT between the arms and 

centromeric region of chromosome 1. A T-test used to determine a difference in the 

centromeric and arm DAPI FLT, only found significance for 0.04, 0.4 and 4 µM DAPI, with 

significance values of < 0.001 apiece. Meanwhile, 40 µM and 400 µM had significance values 



of 0.54 and 0.086 respectively, suggesting there is not a statistically significant difference 

between the chromosomal subregions (Supplementary figure 1A). However, between 4 µM 

and 400 µM there is a significant step-wise decrease in DAPI FLT of both the centromere and 

the chromosomal arms of the chromosomes. With a mean centromeric DAPI FLT of 2.712 ± 

0.058 ns between 0.04 - 4 µM, compared to 1.31 ± 0.35 ns for 40 µM DAPI and 0.41 ± 0.03 

ns for 400 µM DAPI.  A two-way ANOVA (Supplementary figure 1B) and Tukey HSD Post-

Hoc testing (Supplementary figure 1C) were used to determine the significance of the 

difference in the DAPI FLT means of the different concentrations. This found no significant 

difference between 0.04 and 4 µM DAPI. However, there was a clearly significant difference 

for all concentrations between 4 and 400 µM, with a significance value of <0.001. This is less 

than the significance threshold of 0.05, allowing the null hypothesis stating there is no 

significant difference to be rejected. This indicates there is a concentration effect seen for DAPI 

concentrations 40 µM and greater. 

Following this chromosomes from different human and non-human cell lines were stained 

using 4 µM DAPI. A two-sample T test was used to compare the FLT of the arms and 

heteromorphic region of chromosome. A significant decrease is seen in the FLT at the 

heteromorphic region of chromosome one in human cell lines (Supplementary figure 2, A-C 

and F), whereas no significant difference was seen in non-human cell lines D) chinese hamster 

ovary (CHO) cells and E) Gerbil Spleen cells (Supplementary figure 2, D, and F). It is 

interesting to see an heteromorphic to arm FLT difference only in human cells and not in CHO 

or gerbil chromosomes. This may be due to sequence differences reported in human cells 

compared to non-human cells. This could indicate that other DNA binding fluorescence stains 

may be useful to examine in the future for non-human species for identifying FLT on 

chromosomes. 

 

Changes of fluorescence lifetime due to drying effects of DAPI on fixed chromosomes  

In order to evaluate and improve the influence of possible interactions between the fixation 

solution MAA and DAPI, a comparison was made between DAPI FLT and the drying time for 

chromosome preparations following mounting on glass slides and prior to staining. 

Chromosome samples are commonly preserved using MAA (Tobias et al. 2011). T cell 

chromosomes were prepared and mounted as described in earlier. 5 minutes allowed slides to 

partially dry and whilst 10 minutes drying time was already beyond that is generally used. 



FLIM imaging of chromosome slides partially dried (5 minutes) prior to DAPI staining showed 

an average FLT of 2.1 ns. Whereas, slides allowed to dry completely (10 minutes) prior to 

DAPI staining gave a FLT of 3 ns (Figure 5). This latter value is similar to the chromosome 

bound DAPI lifetime of 2.95 ns that was found in previous FLIM chromosome studies 

(Estandarte et al, 2016). These results can be explained by considering the chemical properties 

of DAPI, so that in a partially dried MAA fixation solution is able to react with DAPI. DAPI 

has two amidine functional groups, which react with both alcohol and acids (Barcellona and 

Gratton, 1989). Therefore, it is assumed that DAPI would react with the MAA fixation solution 

and as a result its fluorescent properties may change. Here, the reaction with MAA results in a 

quenching of DAPI’s fluorescent properties, leading to a lower FLT than in the absence of any 

chemical reaction. Therefore, lifetime measurement can be a simple way to adjust the 

preparation of chromosome slides to ensure that slides are completely dried after mounting 

prior to staining, to ensure that any difference in FLT is reproducible and not influenced by 

large variation sample preparation. 

 

Effect of hydration on measurements of chromosome FLT 

As mentioned previously the acquisition of good FLIM images relies on the level of photon 

count during the imaging process. Low photon counts require long acquisition times which 

may lead to sample photo-bleaching. One source of low photon counts is due to dry 

chromosome samples on the glass slide. Therefore, an investigation was carried out to compare 

the image characteristics taken of dehydrated slides versus slides where water was added 

underneath the coverslip to rehydrate the slide. The coverslip can simply be hydrated by placing 

a drop of purified water against the edge of the coverslip and allowing it to spread underneath 

the coverslip until the entire surface area is covered. It was found that in images where the 

coverslip was not hydrated (Figure 6), there was a poorer photon count and FLIM resolution. 

The deterioration in image quality is not surprising since most high numerical aperture (>1) 

microscope objectives require an immersion media such as water, oil or glycerol. The sample 

therefore needs to match this media. In our experiments, we have used a 60x, water NA 1.2 

microscope objective. The photon counts will also be reduced since the full NA (or angle of 

light collection from the sample) is reduced. Moreover, the lifetime was decreased from the 

literature DAPI FLT of 2.95 ns (Bhartiya et al, 2021) and from the wet chromosome FLT of an 

average of ~3 ns (Figure 6a) to an average FLT of ~2.85 ns when the sample was dry (after ~5 



hours); (Figure 6b). This is also represented in the distribution graph (Figure 6C). It is worth 

noting that this reduction in lifetime is not a consequence of the microscope NA but rather a 

good indication of the chromosome preparation quality and structural characteristics that are 

missing from the dried chromosome. This suggests that dried chromosomal DNA is somewhat 

different to that of a fully hydrated one. This shows a significant decrease from the expected 

lifetime value and indicates that chromosome drying up has a noticeable effect on the 

chromosome structure and is reported by the fluorescent properties of DAPI. This effect is 

generally by rehydrating the sample. Hence this represents a need to continuously monitor the 

mounting slide throughout imaging, with coverslip hydration representing one of the first 

factors to check if unexpected lifetimes are being found. Again, the use of FLT is an excellent 

way to monitor the structural changes taking place during the imaging process. As this 

identifiable difference in FLT in response to this sample preparation step might accidentally be 

identified as a significant FLT difference if this is not considered. As often throughout extended 

periods of imaging, the slide can begin to dehydrate.  

 

Ionising radiation causes noticeable changes in the heteromorphic regions of 

chromosomes 

Once the physical parameter for the optimisation process was established, we proceeded to test 

the effects of DNA damaging agent and analysis using FLIM. Mammalian HeLa cells were 

irradiated with a range of x-ray does, 0, 0.1, 0.5 and 1 Gy. Chromosomes were prepared using 

the newly improved and optimised protocol. Since mammalian cell chromosome 1 is known to 

be the largest chromosome in the human genome, identification was easier than the rest. We 

found that the heteromorphic region of this DAPI labelled chromosome 1 reduced from 2.7 ns 

to 2.1 ns following live cells ionising radiation with 0.1 to 0.5 Gy, respectively (Figure 7). The 

reason for this change is novel and unknown. There is no statistical difference in the lifetime 

of cells irradiated with 0.1 Gy and 1 Gy (Supplementary Figure 3). However, both HeLa 

(Supplementary Figure 3) and human T cells (Supplementary Figure 4) show a significant 

difference in the lifetime between cells irradiated at 0.5 Gy and all other doses (0, 0.1 and 1 

Gy). 

Our improved chromosome preparation allowed these changes to be easily observed. Clear 

FTL differences between 0.1, 0.5 and 1 Gy can be seen in Supplementary figure 5A with 

improved sample preparation. whereas random sample preparation parameters showed a 



variation in FLT with a larger standard deviation and reduction in FLT after irradiation (0.1, 

0.5 and 1 Gy) as in Supplementary figure 5B. Random sample preparation gives a poor 

prognosis due to improper drying of MAA fixation, or inappropriate concentration of DAPI 

and chromosome dehydration. The reduction of FLT at 0.5 Gy can only be observed with the 

improved sample preparation conditions highlighting the need for careful preparations before 

any experiment. 

Radiobiological studies have shown a surviving fraction of ~90 % for 1 Gy dose. However, a 

number of reports have reported hypersensitivity below 0.8 Gy with a surviving fraction of 

close to 80%. (Joiner et al, 2001). However, there is also a significant radiation dose effect 

around 0.2- 0.7 Gy). The reason for this increased sensitivity below 0.7 Gy for cell survival is 

unknown. It is interesting to note that a difference in the lifetime of the heteromorphic region 

at doses below 1 Gy. We there speculate that there may be a link between the hypersensitivity 

previously observed and what we observe in this study. Indeed radiotherapy irradiations with 

0.5 Gy fractions has been suggested as a more effective way of providing radiotherapy 

utrafractionation’ (Lambin et al, 1993). 

As mentioned in the introduction, chromosomes also undergo instability and a range of other 

changes, known as aberrations. These include both structural changes and chromosome number 

(loss or gain). Structural changes generally manifest as  translocations, deletions, inversions 

and exchanges between different chromosomes. These are normally identified following 

chromosome preparations and mFISH assays. Although we have not performed a mFISH assay 

here, we are able to identify chromosome 1 readily by size and the unique feature of reduced 

centromere lifetime against the rest of the chromosome arm and other chromosomes. It is 

thought that the cell centromere critically assembles the kinetochore and maintains sister 

chromatids co-localisation prior to chromosome separation. Defects in these functions may 

lead to lagging chromosomes, aneuploidy and micronuclei. Centromeres are difficult to study 

due to their repetitive base sequence. The change in lifetime observed using FLIM may be a 

valuable tool in investigating their function.  

 

Decondensation of polyamine chromosomes represent lifetimes similar to fixed 

chromosomes  

We measured DAPI lifetime of ‘in-solution’ polyamine chromosomes whose structures were 

not fixed with MAA. The change of DAPI lifetime of these chromosomes was monitored 



upon the treatment with EDTA-HEPES that decondensed chromosomes. At the beginning 

where chromosomes were kept in PA buffer, the average lifetime of the whole chromosomes 

was 2.8      ± 0.1 ns (Figure 8 A)which was shorter than MAA chromosomes that had a 

lifetime of 3.1 ns (???) . We were able to detect different lifetime between heteromorphic (2.5 

ns) and arm (2.7 ns) regions in PA chromosomes (Figure 8 C). Treatment with EDTA-

HEPES, a cation chelator, induced chromosome decondensation, resulting in the increase of 

average lifetime to 3.1 ± 0.1 ns (Figure 8B) and 2.8 ns for heteromorphic region and 3.0 ns 

for arm region (Figure 8D). The lifetime of decondensed chromosomes was comparable to 

the MAA chromosomes. We speculate that the native chromosomes are the most compact 

state therefore the lifetime was the shortest. With MAA fixation, chromosomes were enlarged 

and flattened when contacting the slide surface during chromosome spread preparation. MAA 

prepared chromosomes are decondensed as part of the histones are removed (Sumner et al, 

1973; Sone et al, 2002). In comparison, human polyamine chromosomes retain both their 

proteins and nucleic acid after preparation (Lewis & Laemmli, 1982) making them shorter 

and highly condensed. As MAA fixed chromosomes partially reduce the degree of 

compaction, we observed longer lifetime in the MAA chromosome, similar to the ‘in-

solution’ decondensed chromosomes.  

 

A summary of FLT for all different chromosome preparation conditions is in Supplementary 

figure 6. 

 

Conclusions  

The importance of sample preparation in chromosome research is vital for cell health and 

medical research. Here we aimed to critically investigate and highlight experimental factors 

that influence the current chromosome preparation and imaging protocol. We identified a 

number of optimised procedures and applied them to human cell lines, focusing primarily on 

the following steps; fixation process, chromosome mounting on slides, staining with DNA 

localisation probes and imaging conditions. Although this study specifically focuses on the 

optimisation of chromosome sample preparation for the use in FLIM, this in turn, informed on 

the quality of the chromosomes prepared. Using the FLIM technique together with the 

optimised process, we show that imaging of prepared chromosome slides should be imaged 

ideally after staining, whilst the coverslips should be hydrated throughout the duration of 



imaging. Moreover, DAPI was found to be a more sensitive probe for FLIM than Hoechst and 

its derivatives. No cell line difference was found, indicating that the new improvements are 

applicable to most human cell lines. While this study focused on the impact of these 

optimisations of FLIM, many of the optimisation explored have potential for other microscopy 

techniques such as epifluorescence, confocal and super resolution. The latter, with a resolution 

of 10-100 nm, demands careful and excellent chromosome preparation techniques to determine 

the true structure. The technique improvements identified allowed determination of changes in 

the chromosome heteromorphic region following ionising radiation thus opening a new 

research direction for chromosome compaction and structure which are difficult to study.  
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