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Abstract

Chromosome research is essential for advancing our understanding of cytogenetics,
gene regulation and numerous aspects of organismal health. It was demonstrated
recently that staining chromosomes with 4’,6-diamidino-2-phenylindole (DAPI) and
applying Fluorescence Lifetime Imaging Microscopy (FLIM) enables the assessment of
structural compaction changes in heterochromatin-rich region including chromosomes
1, with a shorter fluorescence lifetime (FLT) in the pericentromeric regions of this
chromosome. We show that chromosome FLT was impacted by keeping the
chromosomes hydrated whilst imaging. Following this, we used FLIM to optimise
sample preparation conditions for more robust imaging and furthermore to measure the
impact of low-dose ionising radiation on chromosome structure. We applied this
method to different DNA stains bound to chromosomes where only DAPI led to a clear
FLT difference between the arms with 2.98+0.12 ns and 2.65+0.07 ns on the
pericentromeric region, while similar stains, such as Hoechst 33258 and NucBlue™ did
not highlight these regions as clearly. While the FLT of chromosomes irradiated with 0.1
Gy and 1 Gy led to a slight increase in FLT, with 2.94+0.09 ns on the arms and 2.60+0.06
ns on the pericentromeric region of chromosome 1, 0.5 Gy led to a relevant reduction in
FLT with 2.42+0.13 ns on the arms and 2.12+0.06 ns on the pericentromeric region of
HeLa chromones. The same pattern could also be seen on X-ray irradiated T-cell
chromosomes. These findings indicate that DAPI FLT may be a useful tool to measure
chromosomal structural changes and further suggests that chromosomes undergo
distinct structural changes following low-dose irradiation and are more sensitive to 0.5
Gy structural changes compared to the other doses tested.

Keywords: Chromosomes, DAPI, Fluorescence Lifetime Imaging Microscopy (FLIM),
Multiphoton Microscopy, Confocal Imaging, T Cells, HeLa Cells, X-ray Irradiation, Ionis-
ing Radiation.
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1. Introduction

Chromosomes serve as the fundamental units for storing and transmitting heredi-
tary information, including genetic variation. Their preparation and analysis, particu-
larly through karyotyping using Giemsa banding (G-banding), remain essential diagnos-
tic tools in clinical medicine. This technique enables the detection of chromosomal insta-
bility and structural rearrangements, which are critical for diagnosing various haemato-
logical malignancies as well as prenatal and genetic disorders. These analyses are typi-
cally performed on metaphase chromosome "spreads," allowing for detailed visualisa-
tion of individual chromosomes and their banding patterns (Sumner, 1982; Tobias et al.,
2011). Analysis of chromosome spreads offers critical insights into genome organisation
and enables the investigation of various disease states, including chromosomal DNA
damage.

Chromosomal DNA damage is a critical contributor to a range of pathological con-
ditions, including genomic instability, mutagenesis, and oncogenesis. Such damage can
arise from both endogenous and exogenous sources (Huang & Zhou, 2021). Endogenous
damage is typically associated with cellular metabolic processes, including hydrolysis,
oxidation, alkylation, and base mismatches. Exogenous damage, on the other hand, may
result from exposure to non-ionising and ionising radiation such as ultraviolet (UV)
light and various chemical agents. Direct interaction with DNA can lead to ionisation
events that release electrons from atomic bonds, causing single- and double-strand
breaks (Swarts et al., 2007). Fluorescence imaging remains a cornerstone in chromosome
analysis and karyotyping. Furthermore, it is the most widely employed method for in-
vestigating chromosome organisation, structure and dynamics, offering high sensitivity
and spatial resolution.

Excited-state lifetime measurements are a critical photophysical parameter that
provides insights into the local molecular environment. These measurements can reveal
information about molecular quenching (static or dynamic), pH, oxygen concentration,
energy relaxation pathways, rotational dynamics, viscosity, and energy transfer pro-
cesses (Jana et al., 2016; Botchway et al., 2008; Clancy et al., 2023; Ahmed et al., 2021).
Fluorescence lifetime (FLT) refers to the average time a fluorophore remains in its ex-
cited state before emitting a photon and returning to the ground state. Fluorescence Life-
time Imaging Microscopy (FLIM) integrates these lifetime measurements with spatial
fluorescence imaging, using either one-photon or multiphoton excitation. There are
three principal methods for acquiring FLIM data: (1) frequency-domain lifetime meas-
urements, (2) time-gated detection using sub-nanosecond gated cameras, and (3) time-
correlated single photon counting (TCSPC) combined with scanning or widefield imag-
ing systems (Botchway & Suhling, refs). In this study, we employed TCSPC-FLIM,
which requires a pulsed excitation source (e.g., laser), a photon-sensitive detector with
nanosecond resolution, and a precise timing system to synchronise photon arrival with
the excitation pulse—ideally with picosecond accuracy (Botchway et al., 2021). FLIM
thus offers a powerful approach for probing and visualising chromosomal environments
at sub-micron resolution using intercalating chemical probes.
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FLIM has emerged as a valuable tool for investigating the structural organisation
and compaction state of mitotic chromosomes (Bhartiya et al, 2021; Botchway et al., 2021;
Estandarte et al., 2016), representing a growing area of research in chromatin biology.
According to Estandarte et al. (2016), FLIM of non-irradiated, fixed human metaphase
chromosomes revealed shorter fluorescence lifetimes in chromosomes 1, 9, 15, 16, and Y,
specifically in their heterochromatic rich regions, compared to the other chromosomes.
These chromosomes are commonly referred to as heterochromatic due to the presence of
distinct heterochromatin blocks near the pericentromeric regions. Pericentromeres are
made up of repetitive tandem satellite repeats that are important for accurate chromo-
some segregation in mitosis (Saksouk et al, 2015). Constitutive heterochromatin is nota-
bly located at the pericentric regions of chromosomes 1, 9, and 16 (Tagarro, Ferndndez-
Peralta, & Gonzalez-Aguilera, 1994), the short p-arm of chromosome 15 (Friedrich et al.,
1996; Chen et al., 1981), and the distal region of chromosome Y (Estandarte et al., 2016;
Bachtrog, 2014; Choo, 1997; Meyne et al., 1984).

In this paper, first, we optimised sample preparation conditions for imaging chro-
mosomes using FLIM. Once these conditions had been established, we investigated how
X-ray irradiation at different doses (0.1 Gy, 0.5 Gy and 1 Gy) impacts chromosome FLT,
mainly the heterochromatin rich pericentromeric region of the human genome. We show
that the use of FLT is an excellent way to monitor the structural changes taking place
during the imaging process.

2. Materials and Methods

Figure 1 presents a flowchart outlining the complete procedure for chromosome sam-
ple preparation and live cell X-ray irradiation.

Irradiating cells Not X-ray irradiated— | Harvesting cells Tx trypsin-EDTA to
[T detach cells
0.1 Gy for 12sec
Cells grownin 37°C 5% CO, @ | |Replaced with media
. containing 0.1 ug/ml X
(* 0.5 Gy for 1min Colcemid Washed with 1x PBS
s -
1= L - ) — e
e 1 Gy for 2 min Treated for 16 hrs
[ Iy l
/ Harvesting Chromosomes —
o) m »\ [} @37 c N Jiec] ‘ I
N\ D e — <—\ -~ - A
Add Aspirate | Leavecellsin prewarmed Aspirate SE=e =
MEARS feverta r e supernatant. | Add medium to inhibit
v 10 mins Y Trypsin
\/‘ Centrifuge at 200 x g for 10 mins aspirate supernatant Centrifuge at 200 x g
L and repeat MAA wash 2 more times for 10 mins
chrom}some mounting Wash slide 3x in PBS 1x
/ Slide ready for imaging
N protect from light
s -~
</>/Let dry at room temp Add 4 UM DAPI treat ) i i— —
in darkness <>y
20 pl drop onto glass slide for 10 mins

Figure 1. A Flow diagram showing chromosome preparation steps. Cells arex-ray irradiated using
different doses (yellow box). Chromosomes are prepared after addition of Colcemid (mitotic
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inhibitor); (blue box) followed by treatment with KCL (hypotonic) and then fixed using MAA (green
box) before mounting onto glass slides (pink box). Created in Bio Render. Berger, S. (2025)

2.1. Cell culture

HelLa cells (Henrietta Lacks; human cervical cancer, passage 5) were cultured in
T75 flasks using phenol red-free DMEM (Gibco, Life Technologies, UK), supplemented
with 10% fetal bovine serum (FBS), 5 mM glutamine/1% GlutaMAX, and 1% penicillin-
streptomycin (all from Gibco, Life Technologies, UK). Cultures were maintained at 37 °C
in a humidified atmosphere with 5% CO,. Chromosome preparations were performed
when the cells reached 70-80% confluency.

Human T-cells, a primary cell line, were extracted from a female blood donor (pro-
vided by Dr. Sylwia Kabacik, UK Health and Security Agency). T-lymphocyte isolation
and culture followed the protocol described by Bhartiya et al. (2021). Cells were incu-
bated at 37 °C in a humidified 5% CO, environment, tilted at a 10° angle from horizontal.
Once the culture reached a density of approximately 3 x 105 cells/mL, the cells were
ready for X-ray irradiation and chromosome preparation.

2.2. X-ray Irradiation for Induction of Cellular DNA Damage

HeLa and human T-lymphocyte cells were irradiated with doses of 0.1 Gy (12 sec-
onds), 0.5 Gy (1 minute), and 1 Gy (2 minutes), alongside a 0 Gy control, using hard X-
rays at a dose rate of 1.7 Gy/min. Irradiation was conducted at the UK Health Security
Agency (UKHSA, Harwell) under room temperature conditions. The X-ray source used
was a 250 kVp, 13.0 mA unit operating at 500 mGy/min (AGO X-Ray Ltd., West Coker,
UK), equipped with 1 mm copper and 1 mm aluminium filters to ensure beam quality
and consistency.

2.3. Chromosome preparation and mounting on Microscope Glass Slides

Chromosomes were prepared using both previously established methods and
an improved protocol (Bhartiya et al., 2021; Moralli et al., 2011; Yusuf et al., 2013; Berger
et al., 2025). Once cell cultures reached the appropriate confluency, Colcemid (Thermo
Fisher Scientific, UK) was added (0.1 ug/mL for HeLa cells, 0.2 pg/mL for T-cells), and
cells were incubated for 16 hours at 37 °C in a humidified atmosphere with 5% CO,. Fol-
lowing incubation, cells were harvested for chromosome preparation. Adherent cell
lines (HeLa and HEK293) were detached by adding 3 mL of 1X trypsin-EDTA (Gibco,
Life Technologies, UK) and incubating for 5 minutes at 37 °C. Detached cells were resus-
pended in 3 mL of culture medium and centrifuged at 200 x g for 10 minutes. The super-
natant was discarded, and pre-warmed (37 °C) 75 mM potassium chloride (KCI; VWR,
UK) was added dropwise to the pellet. Cells were incubated in a water bath at 37 °C for
10 minutes to induce hypotonic swelling, followed by centrifugation at 200 x g for 10
minutes. A freshly prepared 3:1 methanol (Scientific Laboratory Supplies, UK) and acetic
acid (Sigma-Aldrich, UK) solution (MAA) was used for fixation. Fresh preparation is
essential to prevent esterification and maintain effectiveness. After centrifugation, the
supernatant was removed, and the MAA solution was added dropwise to the pellet
while vortexing. The mixture was centrifuged again at 200 x g for 10 minutes. This MAA
washing step was repeated three times. Fixed samples were stable for several months
when stored at 4 °C.
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20-30 uL of the fixed chromosome suspension was dropped onto the slide from a
height of approximately 30 cm to ensure optimal spreading. This protocol was applied to
all cell lines in the study except for human T-cells. For T-cell preparations, the suspen-
sion was dropped from a reduced height of approximately 5 cm above the slide to ac-
commodate the different physical properties of the sample.

Before staining, all microscope slides were thoroughly dried. For DAPI staining,
15 uL of 4 uM DAPI (Thermo Fisher Scientific, UK) was applied to the centre of each
slide. This concentration is optimal for FLIM applications (Estandarte, Bhartiya, Berger).
A coverslip was then carefully placed over the drop to ensure even distribution of the
stain across the entire coverslip area. The stained slides were incubated for 10 minutes,
followed by a gentle wash with 1x PBS three times before imaging as indicated in Figure
1. A similar protocol was followed for other DNA stains: 15 puL of 4 uM Hoechst 33258
(Thermo Fisher Scientific, UK) and 1 drop of NucBlue™ (Thermo Fisher Scientific, UK)
were applied to separate slides.

2.4. FLIM Acquisition and Data Analysis

Chromosome imaging was initially performed using wide-field epifluorescence
microscopy to locate and assess chromosome spreads before confocal and FLIM acquisi-
tion. A Zeiss Z2 Axio Imager equipped with ISIS software was used to scan entire slides
at 10x magnification, allowing the positions of chromosome spreads to be recorded.
Higher magnification imaging was then performed using a 60x water immersion objec-
tive to focus on individual spreads, which were subsequently imaged using confocal
microscopy with FLIM acquisition. The confocal-FLIM setup used in this study has been
previously described (Estandarte et al.2016; Botchway et al., 2015). Briefly, single-photon
excitation was achieved using a 405 nm and 410nm blue diode laser (Becker & Hickl).
Imaging was conducted on a Nikon Ti-E or Ti2-E microscope equipped with a 60x, NA
1.2 water immersion objective. A Nikon EC2 confocal scan head was used to raster-scan
the laser, and fluorescence was collected through the same objective. Detection was per-
formed using a hybrid photomultiplier tube (HPM100-40, Becker & Hickl), with a 460/60
bandpass filter and an FL450 long-pass filter (Thorlabs) to eliminate laser scatter.

FLIM acquisition was carried out using the same confocal setup, integrated with a
Becker & Hickl SPC830 or SPC-QC 104 time-correlated single-photon counting (TCSPC)
module, controlled via SPCM software (version 9.0, 64-bit) (Figure 2). Images were ac-
quired at a resolution of 256x256 or 512x512 pixels using FiFo mode, which records indi-
vidual photon arrival times and spatial coordinates, storing the data on the TCSPC PC
card. Before FLIM data acquisition, the instrument response function (IRF) was deter-
mined to correct for electronic noise and laser pulse fluctuations. Calibration was per-
formed using fluorophores with well-characterised lifetimes, including 1 pM fluorescein,
rhodamine B, and 7-hydroxycoumarin carboxylic acid in water. Imaging proceeded only
when measured lifetimes were within 5% of published values (Ahmed et al., 2021).
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Figure 2. Schematic of FLIM measurement with a confocal laser scanning microscopy setup
using sub-nanosecond excited state lifetime measurements using time-correlated single photon
counting, TCSPC.

Following data acquisition, FLIM images were processed using SPCImage software
version 8 (Becker & Hickl). The initial step in the analysis involved setting a photon
count threshold to exclude pixels with insufficient signal. Typically, pixels with fewer
than 25 and 35 photons per second in the peak channel were discarded, and 2-3 x bin-
ning was applied, depending on the background signal level, to ensure only pixels with
adequate photon counts were analysed using Equation 1.

Typically, the threshold, low photon counts, is set to between 25 and 35 for the ini-
tial peak channel, with the exact threshold being determined by the level of the back-
ground signal. The main aim of this step is only to analyse pixels that have sufficient
photon counts above the set threshold using equation 1. Next, the model for the expo-
nential decay is set based on the decay curve shown, with the majority of FLIM readings
requiring ‘incomplete multiexponential” due to the long FLT, and a repetition rate time
of 12.5 ns for the 80 MHz laser. When the laser repetition rate can be varied, this incom-
plete decay analysis is no longer necessary. Where an average count of 100 is lower than
expected for most of the pixel binning, up to 3 times may be applied to increase the pho-
ton count for the analysis. We note that the xy pixel resolution of our confocal system is
roughly 300 nm following excitation with 405 nm, and when a medium pinhole is ap-
plied. However, this has the effect of reducing the overall resolution of the FLIM im-
age. The data points are fitted to a maximum-likelihood estimation model. The next pa-
rameter tested for is the chi-squared value, which needs to be between 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

I(t) = % o, exp(— %)
i=1 '
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Moreover, R-studio was used to perform a Welch two-sample t-test comparing the
different datasets obtained, and p-values of less than 0.05 were characterised as a signifi-
cant difference in means between two samples.

3. Results
3.1. The effect of hydration and drying on DAPI FLT

To examine the effects of chromosome hydration on FLT, a HeLa chromosome
spread was first imaged while kept wet in 1X PBS then left to dry at room temperature
overnight and was reimaged the following day. FLTs on chromosome 1 arms and peri-
centromeric regions of wet and dry states were compared. Wet slides resulted with a
FLT of 3.3+0.16 ns on the arms and 2.90+0.07 ns on the pericentromeric region of chro-
mosome 1 (Figure 5Ai,ii,iii). However, the FLT of completely dry slides reduced to
2.05+0.06 ns on the arms and 1.84+0.06 ns on the pericentromeric region of chromosome
1. Drying led to a subtle FLT difference between pericentromeric regions and arms in
addition to blurrier images due to a reduced DAPI signal (Figure 5Bi, ii,iii).

Wet

m = 3000 - 3500 [ps]

Dried

m = 1800 - 2300 [ps] /.

o p<22e-16
- p=1.005¢-10

i
r-c

g p=2.202¢-08

OArm OPericentromeric region

Figure 3. Importance of coverslip hydration and effect on chromosome fluorescence life-
time. The same HeLa chromosome spread stained with 4 uM DAPI is shown Aiii,iii) wet or
Bi,ii iii) dried. The graph indicates the pericentromeric region and the arm FLTs taken from 3 chro-
mosome 1s, from the same spread, with 5 regions taken per centromere and per arm to calculate
the average and standard deviations indicated in form or error bars, indicating a reduced lifetime
and focus under dry conditions. P-values from a two-sample t-test compare the FLTs measured
between pericentromeric and arm regions for each condition and the arm and pericentromeric

236

237
238
239

240

241
242

243
244
245
246
247
248
249
250
251

252
253
254
255
256
257
258
259



DNA 2025, 5, x FOR PEER REVIEW

8 of 22

regions between the conditions with the first value representing the arm FLTs and the latter the
pericentromeric FLTs. A 60x water objective was used.

3.2. Effect of DAPI concentration on chromosome FLT

Next, the effect of DAPI concentration was measured on HeLLa chromosomes, to
determine how the DAPI concentration affects that FLT under hydrated conditions. The
HeLa chromosomes were prepared as described previously and stained with 4 uM, 40
UM and 400 uM of DAPI, then the FLT was measured as described in section 3.1. The
results are shown in Figure 4 A, B and C, where a reduction in FLT is seen with in-
creased concentration of DAPI from 4 uM with 3.30+0.10 ns on the arms and 2.87+0.07 ns
on the pericentromeric region, to 40 uM with 2.76+0.09 ns on the arms and 2.41+0.07 ns
on the pericentromeric region and 400 uM DAPI with 2.35+0.08 ns on the arms and
2.07+0.06 ns on the pericentromeric region of chromosome 1's (Figure 4).

400 uM

4 uM 40 UM

=2200- 2700 [ps]

& .2

= 3000 - 3500 [ps] m = 2400 - 2900 [ps]
— 45
240 p=<2.2e-16
o =<22e-16
g 3s pzeazel
£ p=7.357e-15
o 30 —
= p=1.381e-15
8
S 20
b
o 15
3 10 L L ,
= 4um 40 uM 400 uM

BArm O Pericentromeric region
Figure 4. FLT comparisons between chromosomes stained with different DAPI concentrations.
HeLa chromosomes were stained with Ai-ii) 4 uM, Bi-ii) 40 uM or Ci-ii) 400 uM. The graph high-
lights the pericentromeric region and arm FLTs of 5 chromosome 1s, from three different spreads,
with 5 FLTs per pericentromeric region/arms to calculate the average and standard deviations
shown as error bars. P-values from a two-sample t-test compare the FLTs measured between peri-
centromeric and arm regions for each condition and the arm and pericentromeric regions between
the conditions with the first value representing the arm FLTs and the latter the pericentromeric
FLTs. A 60x water objective was used.

3.3 Investigating the sensitivity of different fluorescence stains for FLIM of chromosomes

The FLT of three different DNA binding dyes Hoechst 33258 and DAPI and Nu-
cBlue™ (Hoechst 33342) and DAPI was compared. We compared the effectiveness of
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these DNA stains to determine if there was any improvement in the experimental proto-
col compared to previously published work (Estandarte et al 2016) where chromosomes
were not fully hydrated/not monitored. It was found that 4 uM Hoechst 33258 resulted
in significant FLT difference between the chromosome arms 2.59+0.10 ns and the peri-
centromeric region 2.45+0.09 ns with a p-value of 0.001, as shown in in Figure 5A. Simi-
larly, experiments were performed using one drop of NucBlue™ staining and also
showed no significant difference between the arm of 3.43+0.13 ns to the pericentromeric
region of 3.35+0.11 ns with a p-value of 0.208, as shown in Figure 5B. Changes were
found for 4 uM DAPI-stained chromosomes showing a clear arm of 2.98+0.12 ns and a
pericentromeric region of 2.65+0.07 ns FLT difference, as shown in Figure 5C.

DAPI

Hoechst 33258 NucBlue™
Ai i

ltm = 3300 - 3800 [ps) ..

itm = 2400 - 2900 [ps] N t =3‘003500(p3] R ¥ tm = 2600 - 3100 [ps]
'g' gg DAPI compared to Hoechst p= 9.671e-09; 2.096e-05. NucBlue p=7.503e-08; 8.898e-13
> 3.6 p=0208
£ 34
= 35 p=274e-07
= 3.0
g 2.8 p=0.001
c 26
g 24
g 2.2
S 2.0 . L !
[ 4 uM Hoechst 33258 NucBlueTM (Hoechst 33342) 4 uM DAPI

O Arm OPericentromeric region

Figure 5. FLT comparison between different DNA staining dyes on HeLa chromosomes.
Chromosomes were stained with Ai-ii) 4 uM Hoechst 33258, Bi-Bii) one drop of NucBlue™ and Ci-
Cii) with 4 uM DAPIL The bar graph highlights the FLTs of 3 chromosome 1s from three different
spreads, with 5 FLTs per arm/pericentromeric region to calculate the average and standard devia-
tions shown as error bars. P-values from a two-sample t-test compare the FLTs measured between
pericentromeric and arm regions for each condition and the arm and pericentromeric regions be-
tween the conditions with the first value representing the arm FLTs and the latter the pericentro-
meric FLTs. A 60x water objective was used.

286
287
288
289
290
291
292
293
294
295

296

297
298
299
300
301
302
303
304
305
306
307



DNA 2025, 5, x FOR PEER REVIEW

10 of 22

3.4. lonising radiation causes noticeable FLT changes in the pericentromeric and arm regions of
chromosomes

Once the physical parameters and the optimisation process were established, we
proceeded to test the effect of ionising irradiation on chromosomes using FLIM. After
irradiating cells with a range of X-ray doses, 0.1, 0.5 and 1 Gy, chromosomes were pre-
pared using the newly improved and optimised protocol as in section 3.1. At 0 Gy (con-
trol with no irradiation), a FLT of 2.94+0.09 ns on the arms and 2.60+0.06 ns on the peri-
centromeric region of chromosome 1 was measured, with a p-value of 8.227e-12 showing
a significant difference between the mean FLTs between two regions (Figure 6A). At 0.1
Gy, both the arm and pericentromeric FLTs were increased slightly, to 3.08+0.10 ns (p-
values of 0.0003) and 2.75+0.06 ns (p-values of 0.0002) on the arms and pericentromeric
region, respectively (Figure 6B). Interestingly, when irradiation at 0.5 Gy led to a signifi-
cant FLT reduction of 2.42+0.13 ns on the arms and 2.12+0.06 ns on the pericentromeric
region (Figure 6C). Noteworthy, at 1 Gy, the FLTs increased to 3.05+0.13 ns on the arms
and 2.67 +0.10 ns on the pericentromeric region with p-values of 0.01 on the arms and
0.06 on the pericentromeric region (Figure 6D). This 1 Gy FLT is similar to the FLT meas-
ured at 0 Gy. The difference in FLT between arms and pericentromeric region of chro-
mosome 1 was seen in all conditions but presented with different p-values.

0 Gy 0.1G 0.5 Gy 1 Gy
Al R T s

%2700- 3200 fps] 1

0 Gy compared to 0.1 Gy p= 0.0003; 0.0002; 0.5 Gy p= 4.650e-16; 1.586e-15,_1Gy p=0.01; 0.06

p=5811e-13 p=1.663e-11
i p=8227e-12

zz p=1.78e-10

26

il W1 ow. B
» =

01

Fluorescence Lifetime (ns)

Irradiation does (Gy)

DA™  OPericentromeric region

Figure 6. FLT comparison between chromosomes irradiated with different X-ray doses.
FLT images of HeLa chromosomes stained with 4 uM DAPI that were Ai-ii) not irradiated, Bi-ii)
irradiated with 0.1 Gy, Ci-ii) irradiated with 0.5 Gy or Di-ii) irradiated with 1 Gy. The clustered
bar graph highlights these values, that have been obtained with by analyzing 4-5 chromosome 1s
per condition, with 5 FLTs per arm and per pericentromeric area to generate average and standard
deviations. P-values from a two-sample t-test compare the FLTs measured between pericentro-
meric and arm regions for each condition and the arm and pericentromeric regions between the
conditions with the first value representing the arm FLTs and the latter the pericentromeric FLTs.
A 60x water objective was used.
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4. Discussion 337

In this study we established a suitable chromosome sample preparation condition for 338
FLIM by keeping the sample hydrated. This allowed us to optimise the sample and imag- 339
ing conditions further and allowed us to measure chromosome FLT in response to different 340
X-ray irradiation doses. In this paper, we focussed specifically on chromosome 1, as itis 341
the largest in the human genome and the easiest to identify and shows a difference be- 342

tween the chromosome arm and pericentromeric region. 343
A reduced DAPI fluorescence, when DAPI was in the dried environment, has been indi- 344
cated previously by Barcellona et al. (1990), who explained that DAPI fluorescence is 345
water dependent, as DAPI binding to the AT-rich minor groove releases solvation water 346
molecules, which lead to an increase in fluorescence and quantum yield. Thus, when 347

water is not present (such as the sample being in ethanol (Barcellona et al, 1990) or dried, 348
it would lead to a lower fluorescence signal, as shown by the lower FLIM resolution due 349
to lower photon counts in supplementary Figure 1. The FLTs of chromosomes measured 350

using water or PBS 1X are supported by Ami et al. (2014), who found that pure water 351
interacts with MAA and leads to chromosome structural changes. Moreover, PBS 1x is 352
commonly used as a buffer for washing and maintaining samples and has also been 353
used previously for washing and hydrating MAA chromosomes during imaging (Es- 354
tandarte et al. (2016). Together, this highlights the importance of using PBS 1x for hy- 355
drating and washing chromosomes instead of using pure water (supplementary Figure 356

1). Moreover, the deterioration in image quality is not surprising since most high numer- 357
ical aperture (>1) microscope objectives require an immersion medium such as water, oil ~ 358

or glycerol. The sample, therefore, needs to match this media. In our experiments, we 359
have used a 60x, water NA 1.2 microscope objective. The photon counts will also be re- 360
duced since the refractive index of the sample and objective immersion (as well as the 361
NA or angle of light collection from the sample by the objective) is reduced. The 362
acquisition of good FLIM images relies on the level of photon count during the imaging 363
process. Low photon counts require long acquisition times or higher than ideal laser 364
powers, which may lead to sample photo-bleaching and damage. One source of low 365
photon counts may be due to dry chromosome samples on the glass slide. 366
Therefore, in our experiments, we kept the slides hydrated by placing a drop of PBS 1X 367
against the edge of the coverslip and allowing it to spread underneath until the entire 368
surface area is covered (Figure 3). It is worth noting that this reduction in lifetime isnot 369
a consequence of the microscope NA but rather a good indication of the chromosome 370
preparation quality and structural characteristics that are missing from the dried chro- 371

mosome. This suggests that dried chromosomal DNA is somewhat different to thatofa 372
fully hydrated one. A significant decrease from the expected lifetime value indicates that 373
chromosome drying up has a noticeable effect on the chromosome structure and is re- 374
ported by the fluorescent properties of DAPI. This effect is generally ameliorated by re- 375
hydrating the sample. We also checked the effect of FLT of DAPI during MAA fixation 376
drying (supplementary Figure 2) that gave a FLT reduction. This may be explained by 377
considering the chemical properties of DAPI, which has two amidine functional groups, ~ 378
both can be involved in an alcohol and acids (Barcellona and Gratton, 1989) reaction. Itis 379
assumed that DAPI would react with the remaining MAA fixation solution and as a re- 380
sult, its fluorescent properties may change. Overall, our data indicates that FLT canbea 381
simple way to determine the quality of chromosome preparation with FLIM. This is par- 382
ticularly important to ensure that any difference in FLT is reproducible and not influ- 383
enced by large variations in sample preparation. 384

385
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Once we established the method for FLIM of chromosomes whilst keeping the sam-
ple hydrated, we then measured the FLT of 3 different DAPI concentrations (4 uM, 40
uM and 400 uM). The use of DAPI for FLIM has been well established for chromosome
imaging (Bhartiya et al, 2021; Botchway et al, 2021; Estandarte et al, 2016) where the hy-
dration effect during imaging was not considered. It is a fluorescent stain that binds
strongly to the DNA A-T minor groove (Tanious et al, 1992). Previously, Estandarte et al.
(2016) measured the average FLT of chromosome 1s derived from GM18507 cells and
showed no significant variations in DAPI FLT in response to concentration increase (0.4
UM, 4 uM, 40 uM and 400 uM). In this study, we enhanced our imaging by further
measuring FLT on both the pericentromeric region of chromosome 1 and its arm for the
3 different DAPI concentrations (4 uM, 40 uM and 400 uM). We saw a significant
reduction in DAPI FLT with increasing concentration from 4 to 400 uM (Figure 4). Why
this reduction is occurring is unknown. We speculate it may be due to once of the
following reasons i) that DAPI self-quenching may be occurring, leading to the
reduction in FLT as the concentration increases ii) DAPI binds at a higher affinity to the
pericentromeric region of chromosome 1 compared to its arms, leading to the reduced
DAPI FLT on the pericentromeric region compared to the arms iii) this may be due to
the difference in cell lines or sample preparation conditions (hydration vs no hydration).

We further validated our hydrated chromosome FLIM protocol by investigating the
FLT of three different dyes, Hoechst 33258, DAPI and NucBlue™ (Hoechst 33342) that
all bind to the minor groove of DNA and favour AT-rich regions (Cavatorta et al, 1985;
Portugal and Waring, 1988; Chazotte et al, 2011). A further motivation for selecting these
dyes was mainly due to the greater cell permeability by Hoechst (Breusegem et al, 2002),
thus it is used mostly for live cell imaging. NucBlue™ labels the DNA in live cells faster
than Hoechst 33258 and DAPI and has an excellent cell permeability. DAPI has shown to
give a strong difference in FLT between the pericentromeric region and the arms of chro-
mosome 1 but gave a shorter lifetime on chromosome 1 than the FLT measured in this
study. Hoechst 33258 has previously shown a FLT difference (Estandarte et al, 2016).
Whilst Hoechst 33258 was able to differentiate the arm and pericentromeric regions with
asignificat value, the difference in FLT between pericentromeruic region and arms is less
clear than DAPI. NucBlue™ was unable to provide much information on chromosome
structure and environment since the lifetime values between the pericentromeric region
and arms of chromosome 1, unlike with DAPI (Figure 3). Overall, our study suggests
that DAPI is a better chromosome stain to use for detecting FLT changes in chromo-
somes than Hoechst 33258 and NucBlue™ under hydrated conditions.

Finally, we measured FLT of chromosomes in response to X-ray irradiation (Figure
6). The reason for the most significant change in FLTs measured at 0.5 Gy is unknown.
Bhartiya et al (2021) showed in a X-ray Ptychography study that after irradiating T cells
with different X-ray doses (0.1 Gy, 0.5 Gy and 1 Gy), the total mass of chromosomes at
0.1 Gy and 1 Gy was increased compared to the total mass of chromosomes at 0.5 Gy
and was also reduced compared to 0 Gy (control). It is suggested that fewer proteins
may be present on the chromosomes after irradiation dose of 0.5 Gy. At 0.1 Gy and 1 Gy
proteins involved in the DNA damage response could be recruited to the chromosomes,
thus increasing the total chromosome mass compared to 0 Gy. The recruitment of these
proteins to the irradiated chromosomes may also be reflected in the FLT values in this
study after irradiated HeLa and T-cell chromosomes (Figure 6), which show a FLT re-
duction at 0.5 Gy and a FLT increase at 0.1 Gy and 1 Gy compared to the non-irradiated
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0 Gy chromosome on both the pericentromeric and arm regions of chromosome 1. A
clear reduction in FLT at 0.5 Gy can only be found when the chromosomes are prepared,
maintained and imaged with the newly established improved protocol keeping the co-
verslip hydrated (supplementary Figure 3A). Hence, our work suggests a need to contin-
uously monitor the mounting slide throughout imaging, with coverslip hydration repre-
senting one of the first factors to check if unexpected lifetimes are being found.

The difference in FLTs in irradiated chromosomes may provide insight into the chromo-
somal structural changes, such as compaction status. Recruitment of the DNA damage
repair protein to the DNA damaged sites could alter chromosome compaction as both
DNA condensation and decompensation are part of the DNA Damage response path-
way (Burgess et al., 2014). Additionally, Shimura and Kojima (2018) demonstrated that
when exposing Human Umbilical Vein Endothelial Cells to 0.125 Gy, 0.25 Gy or 0.5 Gy
X-ray irradiation, only at 0.5 Gy, an increase of y-H2AX foci, an indication for DNA dou-
ble-stranded breaks, can be observed compared to the 0 Gy non-irradiated cells. The
studies above could explain the clear FLT response measured in HeLa and T-cells at 0.5
Gy compared to 0.1 Gy. However, the reason why the FLT of 1 Gy irradiated chromo-
somes is similar to that of the non-irradiated chromosome remain unknown.

While it is unclear why there is an increased sensitivity below 0.7 Gy for cell, it is
interesting to note that we observe a difference in the lifetime of the percentromeric het-
erochromatin region at doses below 1 Gy. We therefore 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 have been suggested as a
more effective way of providing radiotherapy ultrafractionation (Lambin et al, 1993).

4. Conclusions

The importance of sample preparation in chromosome research is vital for medical and
cell biological research. Here, we aimed to critically investigate and highlight experi-
mental factors that influence the current chromosome preparation and imaging protocol,
as well as a novel ionising radiation effect on the human pericentromeric region. We
identified a number of optimisation procedures and applied them to human cell lines,
focusing primarily on the following steps: fixation process, hydration, staining with
DNA-binding probes, washing and imaging conditions. Although this study specifically
focuses on the optimisation of chromosome sample preparation for the use in FLIM, this,
in turn, informs 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 ideally imaged immediately 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 for chromosome study than Hoechst and its derivatives.
The technique improvements identified allowed determination of changes in chromo-
somes and the heterochromatin-rich pericentromeric region following ionising radiation,
thus opening a new research direction for this difficult-to-study chromosome compac-
tion and structure. We showed that irradiating live cells with ~0.5 Gy X-ray dose re-
sulted in a change in the FLT at the pericentromeric region of chromosome 1, potentially
indicating a damage-dependent chromosome compaction at this dose.

Future work
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In this study, DAPI showed the largest difference between the pericentromeric
region and arm of specific chromosomes, such as chromosome 1 in FLT of the stains
investigated, suggesting that it might also be the most sensitive to other changes in the
micro and nano-environment for future work involving chromosome imaging. It would
be interesting to explore other pericentric heterochromatin rich chromosomes such as
chromosome 9, 15, 16 and Y and apply mFISH assay for chromosome identification.
Other DNA stains could be explored in order to improve FLIM sensitivity further.
Moreover, in the future it would be interesting to explore the FLT on chromosomes after
exposure of cells to other DNA-damaging agents, i.e ionising radiation sources such as
UV and test environmental chemicals.

While this study focused on the impact of these optimisations of FLIM, many of the opti-
misations explored have potential for other microscopy techniques such as epifluores-
cence, confocal and super resolution. The latter, with a resolution of 10-100 nm, de-
mands careful and excellent chromosome preparation techniques to determine the true
structure.
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Appendix A
Appendix A.1

PBS 1X was chosen to hydrate the slide during washing and imaging, as pure de-
ionised water led to significantly shorter FLT on the periphery of the chromosome
spread as compared to the centre of the spread. Instead, when PBS 1X was used there
was no FLT difference between the chromosome spread boarders and centre. Supple-
mentary Figure 1 shows that pure deionised water led to significantly shorter FLTs on
the chromosome spread periphery with a FLT 2.72+0.11 ns compared to the spread cen-
tre of 3.32+0.18 ns with a p-value of 1.747e-9. Instead, when PBS 1X was used to wash
the chromosomes and were kept hydrated during imaging, both the chromosome spread
periphery and the centre had no significant FLT difference between the. Thay had a p-
value of 0.8 and an average FLT of 2.99 + 0.09 ns throughout the spreads (3 spreads were
analysed for each condition. While the FLTs differed significantly between the PBS 1X
and water-maintained spreads, with a p-value of 6.798e-06 between centres and 4.144e-
05 their peripheries (Supplementary Figure 1).
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Supplementary Figure 1. FLT comparison between chromosomes hydrated with pure water or
PBS 1X. FLT images of HeLa chromosome spreads stained with 4 uM DAPI and then either washed
and hydrated with pure water or PBS 1X. The bar graph shows the average and standard deviation

of three spreads per condition, in which 5 random FLTs were taken per centre/ border region. P-

values from a two-sample t-test compare the FLTs measured between pericentromeric and arm re-

gions for each condition and the arm and pericentromeric regions between the conditions with the

first value representing the arm FLTs and the latter the pericentromeric FLTs. A 60x water objective

was used.

Appendix A.2

As we preserved chromosomes using MAA, the FLT of HeLa chromosomes was
measured in response to MAA drying time on a glass slide. Previously, the slides have
always been allowed to dry completely before staining with 4 uM DAPI and then
washed three times with PBS 1X. Here, an FLT comparison between completely dried
MAA and wet MAA before adding DAPI was performed. Slides where the MAA was
allowed to dry completely before adding DAPI led to a FLT of 3.0 + 0.05 ns on the arms
and 2.7 + 0.06 ns on the pericentromeric regions of chromosome 1 (Supplementary Fig-

ure 2). However, when the MAA was not allowed to dry completely before staining with
DAPI, no clear FLT difference between the pericentromeric region and arms could be
seen with an FLT overall of 1.78 + 0.04 ns. Here, the reaction with MAA results in a
quenching of DAPI's fluorescent properties, leading to the observed lower FLT (Supple-

mentary Figure 2).
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tm = 1600 - 2100 [ps]

Supplementary Figure 2. The influence of MAA on chromosome FLT.
A T- cell chromosome spread was either A) wet or B) fully dried before staining the slide with 4
UM DAPI. A 60x water objective was used.

Appendix A.3

When comparing the FLTs of X-ray irradiated T-cells with the same doses as with
the HeLa chromosomes, only the improved methods showed a clear FLT reduction with
0.5 Gy compared to the other doses (Supplementary Figure 3A). Whereas sub-optimal
chromosome preparation conditions (likely due to improper drying of MAA, chromo-
some dehydration and lack of PBS 1X washing) led to a large variation in FLT, and a
similar reduction in FLTs of arms and pericentromeric region for all irradiation doses
compared to at 0 Gy (control with no irradiation) (Supplementary Figure 3B). In addi-
tion, at 0 Gy in the sub-optimal preparation, the significant difference in FLT between
pericentromeric to arm FLTs was no longer observed (FLTs of 2.91 + 0.09 ns on the arms
and 2.81 +0.12 ns on the pericentromeric region, with a p-value of 0.09). ]11’1 Supplemen-
tary Figure 3B the FLT difference between 0 Gy and 0.1 Gy is more significant, with 2.69
+0.08 ns on the arms and 2.59 + 0.10 ns on the pericentromeric regions of chromosome 1
and p-values of 9.31e-9 and 5.328e-6 respectively and also a clear FLT difference between
pericentromeric and arm regions at this does with a p-value of 7.902e-6. At 0.5 Gy, the
FLT in Supplementary Figure 3A reduces significantly with p-values <2.2e-16 for both
the arms and pericentromeric regions, with an arm FLT of 2.65 + 0.06 ns and 2.40 + 0.05
ns on the pericentromeric regions. On the other hand, in Supplementary Figure 3B, the
pericentromeric to arm FLT difference at 0.5 Gy is not significant, with a p-value of 0.02
and 2.66 + 0.11 ns on the arms and 2.55 + 0.10 ns on the pericentromeric regions. While in
Supplementary Figure 3B the difference between the FLTs measured with 0 Gy and 0.5
Gy is significant, with p-values of 6.731e-12 on the arms and 2.156e-7 on the pericentro-
meric regions, this difference becomes more significant in the improved protocol in Sup-
plementary Figure 3A, with p-values <2.2e-16 for both the arms and pericentromeric re-
gions.

For both Supplementary Figures 3A and B, an FLT increase from 0.5 Gy, which is
similar to the one measured with 0 Gy, can be measured. However, the lifetimes increase
more with the improved protocol, with an arm FLT of 2.92 + 0.06 ns and a pericentro-
meric FLT of 2.70 + 0.06 ns at 1Gy and p-values comparing the 0 Gy FLTs with the 1 Gy
FLTs of 2.025e-5 and 0.001, respectively. This indicates that the pericentromeric regions
of 0.1 Gy and 0 Gy are more similar to each other than their arm FLTs in Supplementary
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Figure 4A. Instead, in Supplementary Figure 3B, the arm FLTs at 1 Gy are more similar
to the arm FLTs at 0 Gy, with a p-value of 0.007 compared to the pericentromeric region
FLTs with a p-value of 8.903e-5, with FLTs of 2.71 + 0.12 ns on the 1 Gy arms and 2.61 +

0.12 ns on the 1 Gy pericentromeric regions. ‘
A B
_ 34
34 | geyﬁcgrgggregﬁmggo?y p=0.005;0.0001; 0.5Gyp<22e-1; 1 0 Gy compared to 0.1 Gy p= 9.31e-09; 5.382e-06; 0.5 Gy p=6.731e-12; 2.156-07
¥ p=2025e ;1Gy p=0007, 8903e.05
p<2.2e-16 32
32 =220l
S p=009 5=1.719.05
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Supplementary Figure 3. DAPI FLT change of T cell chromosome 1s after different x-ray irradia-
tion doses. A) Improved chromosome spread preparation (n=5) and B) dry sample preparation
(chromosome spreads n =9). The mean FLT in the arm and heteromorphic regions of cells irradiated
with 0 Gy, 0.1 Gy, 0.5 Gy and 1 Gy is shown in the graphs. A 60x water objective was used for A and
B. Grey bars show the FLT of the chromosome 1 arms whereas white bars show the FLT of the shorter
heteromorphic regions of chromosome. Error bars represent standard deviation. For both graphs p-
values from a two-sample t-test compare the FLTs measured between pericentromeric and arm re-
gions for each condition and the arm and pericentromeric regions between the conditions with the
first value representing the arm FLTs and the latter the pericentromeric FLTs.
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