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ABTRACT: Properties of a novel ultra-fast optical imager, Tpx3Cam, were investigated for macroscopic wide-field
phosphorescent lifetime imaging (PLIM) applications. The camera is based on a novel optical sensor and Timepix3
readout chip with time resolution of 1.6 ns, recording of photon arrival time and time over threshold for each pixel,
and readout rate of 80 megapixels per second. In this study, we coupled the camera to an image intensifier, a 760 nm
emission filter and a 50 mm lens, and with a super-bright 625nm LED providing pulsed excitation of a 18x18mm
sample area. The resulting macro-imager with compact and rigid optical alignment of its main components was
characterised using planar phosphorescent O, sensors and a resolution plate mask. Several acquisition and image
processing algorithms were evaluated to optimise the system resolution and performance for the wide-field PLIM,
followed by imaging a variety of phosphorescent samples. The new PLIM system looks promising, particularly for
phosphorescence lifetime-based imaging of O, in various chemical and biological samples.

1. INTRODUCTION

Fluorescence Lifetime IMaging (FLIM) is gaining
popularity in the biological and medical research-
since FLIM measurements are less affected by the
factors influencing fluorescence intensity such as
probe concentration, photobleaching, excitation
intensity,  optical alignment, scattering and
autofluorescence. As a result, FLIM can provide

metalloporphyrins, with lifetimes in the microsecond
time range.

The classical technique for recording fluorescence
lifetimes is Time Correlated Single Photon Counting
(TCSPC), in which a pulsed excitation laser is
coupled with a single photon counting detector, which
uses fast timing electronics to detect the emitted

guantitative, calibration-free imaging readouts and
minimise measurement artefacts. Nanosecond FLIM
with short-lived fluors is actively used, e.g. in
molecule interaction studies by FLIM-FRET, in the
analysis of cell autofluorescence, pH, Ca*, glucose
dynamics and other parameters*®. Phosphorescence
lifetime imaging (PLIM) is also very attractive but
less common due to the low availability of
corresponding equipment and biomaterials. PLIM is
mainly applied in quenched-phosphorescence imaging
of O, in various samples and in luminescent
barometry!®®, using long-decay photoluminescent
materials based on transition metal complexes and

photons and then extract the characteristics of
emission decay. A short excitation pulse is sent to the
sample and timing electronics to start the timer, and a
stop signal is generated when the system detects the
first photon. After multiple excitation and recording
events, an emission decay profile is obtained. For
FLIM, this TCSPC technique is combined with a
pixel-by-pixel scanning of the sample. For thick
samples the imaging depth and contrast can be
improved by using a confocal laser scanning setup
with pinhole optics which prevents unfocused light
reaching the detector, or two-photon excitation. Laser
scanning TCSPC-FLIM has advanced in recent years
in its optoelectronic components, sensitivity,

1



excitation sources and emission range, and has been
implemented in clinical applications, including
dermatology®, ophthalmology®®, and cancer®.
However, pixel-by-pixel scanning leads to slow image
acquisition  times'™'®,  particularly for PLIM
applications where long pixel dwell times are required
to record the long-lived phosphorescence.

Wide-field FLIM imaging, where the whole field of
view is imaged simultaneously onto a camera, is
possible with gating and frequency-domain methods,
however these methods are not single photon
sensitive. One technique relies on a gated CCD
camera coupled to a photon counting image intensifier
such as the microchannel plate (MCP). The gated
image intensifier provides time resolution as
fluorescence decay is calculated from a set of
intensity frames acquired with different delays after
the excitation pulse. This, however, leads to the loss
of photons outside the MCP gate and is influenced by
sample photobleaching or any other time-dependent
effects. In frequency domain FLIM, on the other hand,
a gain modulated image intensifier and CCD detector
are used to record the amplitude difference and phase
delay between the excitation and the emission signal.
The phase shift obtained is related to the fluorescent
lifetime of the fluorophore. Although this technique is
advantageous for real time monitoring, it usually
requires high signals, and is influenced by scattered
light, photobleaching and autofluorescence”%2,

Fast wide-field FLIM with single photon sensitivity
has been demonstrated with a photon counting image
intensifier and a CMOS camera. The location and
arrival time of the photons in each frame were
extracted with software by fitting an exponential
decay function fitted to the arrival time histogram in
each pixel to obtain the lifetime image?. The time
resolution in this case is limited by the camera frame
rate. To improve time resolution, this technique was
extended by exploiting the invariant decay of the
image intensifier’s phosphor screen to determine the
arrival time of the photons with sub-exposure time
accuracy. The detection of the position of the photon
by centroiding technique along with single photon
sensitivity provide excellent spatial resolution, a time
resolution of 40 ns and a framerate of 250 kHz for the
image size of 80x128 pixels?*?4,

Solid-state single photon detectors were recently
introduced to wide-field TCSPC-FLIM. Here, single
photon avalanche photodiodes (SPADs) were
integrated into compact imaging array detectors. A
SPAD is a p-n junction diode that is biased above the
breakdown voltage, so that a single photon can
generate an electron-hole pair leading to an avalanche
signal multiplication. SPAD array sensors have single
photon sensitivity, picosecond time resolution, and
each pixel can independently perform TCSPC. While
being a very promising technology due to excellent
time resolution, current SPAD imagers still require
improvements of the SPAD photon detection
efficiency, array density and dark count rate?2,

Another technology with parallel photon detection
in each pixel was implemented in the TimepixCam

camera®®?’, The camera combined the Timepix chip?®
with 256x256 pixels and an optimized optical sensor
in a novel time-stamping optical imager. The silicon
sensor has a thin entrance window and anti-reflective
coating with enhanced QE in the wavelength range
400-1000 nm?°. Intensified version of the camera had
single photon counting ability detecting the photon
arrival times in each pixel. This camera has been
demonstrated in PLIM of 200 um polystyrene beads
stained with a long-decay time fluorescent iridium
complex achieving 15 ns timing resolution and ns-
scale lifetime resolution®. The system operated in the
visible range and microscopic format, which are not
quite optimal for biomedical applications. The main
limitation of the camera was a slow readout, which
allowed only a 10Hz excitation frequency leading to
very long image acquisition times.

Recently, the next generation camera, Tpx3Cam,
has become available, based on the same optical
sensor as above and Timepix3 readout chip®.
Timepix3 improves the camera time resolution to 1.6
ns. It also has fast readout rate of 80 Mpixel/s. The
time over threshold (TOT) and time of arrival (TOA)
of each pixel that exceed a pre-set threshold are
measured and stored by the internal pixel circuitry.
The pixel light detection threshold (non-intensified
version) corresponds to about 600 photons depending
on the wavelength. The deadtime of individual pixels
to process and store the information after they were
hit is about 475 ns plus the corresponding TOT.

The camera readout is based on the SPIDR system?®?
and is data-driven so only the pixels containing the
non-zero information are transferred from Timepix3
to SPIDR and read out to the outside world via a 1Gbs
or 10Gbs links. The SPIDR also has an internal TDC
which is able to time-stamp incoming digital pulses
with 0.26 ns precision synchronously with the
Timepix3 hits. This feature is useful to provide an
external time reference and sometimes is referred to
as the ‘trigger’ input though it is completely
independent from the Timepix3 operations. To date,
the camera has been used in several applications,
including imaging mass spectrometry, quantum
imaging and optical readout of a liquid argon time-
projection chamber3-%¢,

For TCSPC FLIM applications, where the single
photon sensitivity is essential, Tpx3Cam must be
coupled to an image intensifier, a vacuum device with
a photocathode, which converts incident photons into
photoelectrons. The electrons are then multiplied by
an MCP and directed on to the P47 scintillating
screen. The screen converts these electrons into a fast
flash of photons focussing it onto the optical sensor
inside Tpx3Cam and generating signals in the
respective pixel front-end electronics.

So far, FLIM/PLIM has been used mainly in
microscopic imaging, while macroscopic applications
are less common. For microscopy, cameras with
relatively low spatial resolution and long acquisition
times were used”. The DSC-120 MACRO
FLIM/PLIM confocal imager offered by Becker and
Hickl (Germany)®” can image objects to a size of 12
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mm with high resolution, but it is still slow due to its
scanning mode. On the other hand, macroscopic
luminescence imaging is in demand for biomedical
and life sciences, where currently the intensity-based
imagers are mostly used® which lack accurate and
quantitative optical readout.

In this work, we constructed a new imager based on
Tpx3Cam that can image large objects (currently
18x18 mm, can be increased) in the microsecond
PLIM mode. The Timepix camera has previously
been used in PLIM applications®, but in a traditional
stationary alignment of discrete elements on the
optical bench and also with severe rate limitations.
Here, we used the Cricket® adaptor®® with an image
intensifier, a 760 nm emission filter and 50 mm lens,
thus retaining compact size and flexibility of the
imager, which can be manipulated as a single unit
almost like a standard photographic camera and
moved to different locations. Key parameters of the
imager were tested and optimised to obtain fast and
accurate lifetime determination and high spatial
resolution at the output. Finally, we demonstrated the
system in quenched-phosphorescence sensing and
imaging of O, in chemical and biological samples.

2. METHODS

2.1 MACRO IMAGER SETUP

The Tpx3Cam (Amsterdam Scientific Instruments)
was attached via its C-mount connector to the
Cricket® adaptor (Photonis), which housed an image
intensifier, a 25 mm 760+50 nm emission filter
(Edmund Optics) and which on the other side was
connected to the Navitar NMV-50M11" 50 mm lens
via another C-mount connector. Figure 1 shows the
experimental setup and, schematically, components of
the intensified Tpx3Cam. The Cricket® is a plug-and-
play electro-optical adapter, which holds and aligns
the key optoelectronic components of the PLIM
system, improving the quality of intensified images
and providing flexibility, so that it can be rotated 360°
and tuned geometrically for analysis of different
samples. A super bright red 5mm LED with the
central wavelength at 627 nm (12,000 mcd, 8° angle,
Parts Express) was used to excite the sample.

The intensifier from Photonis, PPO360EF, had the
S25 photocathode with diameter of 18mm, quantum
efficiency of about 8% at 780 nm and total dark count
rate of 40 kHz at room temperature. The intensifier
was connected to a standard power supply (Thundar,
72-10495) with one channel providing the power and
the other one regulating the intensifier gain. Two
channels of fast pulse generator (Tenma, TGP110)
were used to send synchronization pulses to the
camera and to pulse the LED. Typically, the
synchronization pulse was preceding the LED pulse
by 10 ps as illustrated in Figure 2. For the
measurements in this work the Tpx3Cam imager was
mostly used in the upright orientation as shown in
Figure 1. Imaged samples were placed on a Thorlabs
stage, which allowed the sample movement in X-Y-Z
dimensions and focussing. The distance to object was
kept at around 8 cm for best focus. A 525 x 375 x 300

mm black box (Thorlabs, XE25C9/M) protected the
system from ambient light minimising spurious
background count.
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Figure 1. (Left) Experimental setup of the PLIM macro-
imager based on Tpx3Cam. (Right) Components of the
intensified Tpx3Cam.
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Figure 2. Pulsing scheme of the imager. The LED is
pulsed every 100 ps with 50 ns duration of the pulse.
Tpx3Cam is provided with a synchronous pulse 10 ps
before the LED, which is time-stamped and included into
the data stream. The camera records the photon hits for
100 ps until the next LED pulse.

2.2 IMAGE ACQUISITION AND DATA
PROCESSING

Sophy™  software, provided by Amsterdam
Scientific Instruments, was used as an online display
for tuning the operational parameters, focussing and
alignment. After this a custom-designed software was
used to acquire the Tpx3Cam raw data in binary
format and to post-process it. The post-processing
code time-orders the hit pixels and trigger signals, and
provides output in ASCII format listing the following
parameters for each hit pixel: excitation trigger time,
pixel X and Y coordinates, TOA (time of arrival =
pixel time since start of experiment), TOT (time over
threshold = amplitude) and (TOA - trigger time) =
pixel time since the start of the current excitation
period.



The post-processed data was then analysed with a
dedicated program written in C-language. Sum images
were obtained by including all hit pixels into the final
image. For centroided images, clusters of hit pixels
having size between 3 and 15 pixels were identified
for each excitation period, and the centroid pixel of
each cluster was determined from the TOT by center-
of-mass centroiding (unless otherwise stated). For the
centroided image only this centroided position was
recorded for each cluster. The lifetime images were
then created by placing all photons into an XYt data
cube and writing the data into an .ics image file. A
two-exponential function
I(t) = Ajexp(—t/t,) + Aexp(—t/m2) was used
to fit the phosphorescence decay in each pixel of the
image in Tri2 software®®. The average lifetime
T = (e Tiya,7z)/ (@, 7 + @272) obtained from this
fit was encoded in a pseudocolor scale (blue for short
lifetimes and red for long lifetimes), yielding a
phosphorescence lifetime image. A phosphorescence
intensity image was obtained by summing all photons
together.

2.3 SAMPLE PREPARATION

The USAF resolution test target (Thorlabs) was
used to determine the spatial resolution of the camera
(Figure 3a). To characterize the imager, a planar
phosphorescent O,-sensor, which comprised a 15 um
thick coating of PtBP dye (Luxcel Biosciences) in
RL-100 polymer (Degussa), 1% wi/w, deposited on an
80 um thick polyester film (Mylar, DuPont) by spin-
coating®. The sensor photograph and its UV-Vis
absorption spectrum are shown in Figure 3b, c. Sensor
dots, sized 7-10 mm (Figure 3d), were produced by
spotting the same sensor cocktail on a microporous
PVDF membrane (Millipore). Another planar O
sensor containing PtBP and an additional aza-Bodipy
dye (4,4-difluoro-1,3,5,7-tetraphenyl-4-bora-3a,4a, 8-
triaza-s-indacene) with excitation maximum at 650
nm (Figure 3e,f) and fluorescence at around 672
nm*43 42 was used to measure the instrument
response function.

The sample with live mammalian cells comprised a
1.5 mL Eppendorf tube filled with DMEM growth
media in which 5x10% HCT116 cells (human colon
cancer cell line) cultured under standard conditions
were precipitated at the bottom of the tube by mild
centrifugation at 200 g. A water-soluble
phosphorescent probe, NanO2-IR (Luxcel
Biosciences), which is also based on RL-100 polymer
and PtBP dye*, was added to the media at a final
concentration of 1 mg/ml, and after a 30 min
incubation at 37°C the tube was imaged by Tpx3Cam.
The corresponding results are presented in Section
3.4.
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Figure 3. Samples used to characterize the imager: (a)
USAF resolution test target; (b) Planar PtBP-RL100
based O: sensor film and (c) its absorption spectrum; (d)
PtBP-RL100 sensor spots on PVDF membrane, (e)
Sensor film with PtBP and aza-Bodipy dyes in RL100,
and (f) its absorption spectrum. Spectra were measured
on an 8453UV-Visible spectrophotometer (Agilent).

3. RESULTS AND DISCUSSION

3.1 SINGLE PHOTON EVENTS

The images of single photon events observed with
the Tpx3Cam were approximately round, with a
typical diameter of ~3 pixels, as shown in Figure 4.
As expected, the pixels have higher TOT in the centre
of the event (Figure 4a). Figure 4b shows time stamps
for photons arriving at random times, where the
events are clearly identifiable by their arrival time.
However, the events themselves also have a time
distribution, where the centre of the photon event with
the highest flux has the earliest time stamp, and the
time stamps of the surrounding pixels are delayed
(Figure 4c-e). This effect is due to the lower flux in
these pixels as the corresponding pulses have a slower
rise time and, therefore, cross the threshold slightly
later, an effect known as “timewalk™®%, As each
cluster represents a single photon which has only one
arrival time, we have tested the effect of centroiding
on the spatial and temporal resolution.

Figure 4. Single photon events detected with the
Tpx3Cam setup. (@) TOT, i.e. intensity, (b) arrival time,
(c-e) Re-scaled arrival time for individual photon events
showing the “timewalk” effect.

3.2 SPATIAL RESOLUTION  AND
COMPARISON OF THE
DIFFERENT CENTROIDING
METHODS



To measure the spatial resolution of the PLIM
system, a 1951 USAF resolution test target (Figure
3a) was placed on top of the planar O, sensor foil
(Figure 3b) and imaged with Tpx3Cam. LED at 8V
power and a pulse width of 500ns was used to excite
the sample (Figure 5a). Data was collected for 60
seconds, during which a total of 612,072 “frames”
(excitation periods) with 131 million triggered pixels
were acquired at a pixel readout rate of 2.2 MHz. In
this data, 26 million photon events were found in the
size range of 3-15 pixels, with 2.4 million undersize
(<3 pixels) and 1.9 million oversize (>15 pixels)
events discarded. This corresponds to accepted photon
event count rate of ~0.43 MHz.

The data was processed with different centroiding
methods to compare their effect on the spatial
resolution. Figure 5a shows the whole 17.7 x 17.7 mm
field of view (FoV) of the PLIM macro imager
system. A noticeable gradient in the intensity is due to
the non-uniformity of the illumination system made of
a single LED. Figures 5b-e show the central area of
the FoV processed with different centroiding methods.
As expected, the sum image (Figure 5b), where all hit
pixels are summed for the final image, shows worst
resolution, since in this case the photon events cover a
large area and smear the image. Brightest pixel
centroiding (Figure 5c) and timecode centroiding
(Figure 5d), where the photon event centre is assigned
to the pixel with highest TOT or the earliest timecode,
respectively, provided some improvement of
resolution. Best resolution was achieved with sub-
pixel centroiding (Figure 5e), where each pixel is
divided into sub-pixels (here 5x5 sub-pixels) and the
photon coordinates are found by centre-of-mass
calculation using the TOT information. Figure 5f
shows cross-sections of bars indicated in Figure 5e,
where the bars are easily resolved with the sub-pixel
centroiding method but cannot be resolved in the
other images. This centroiding technique provided a
resolving power of 12.7 Ip/mm with line width 39.4

Figure 5. Images of 1951 USAF resolution test target
overlaid on top of a phosphorescent Oz sensor foil. (a)
Sum image showing the PLIM imager field of view. (b-
e) images of the area indicated in (a) centroided with
different methods: (b) sum, (c) brightest pixel (BP), (d)
earliest timecode, (e) centre-of-mass with ' pixel
accuracy (CoM 5). (f) Cross-sections of the bars in the
area indicated in (e), where the sub-pixel centroiding can
still resolve lines with ~40 um spacing, that cannot be
resolved with the other centroiding methods.

3.3 INSTRUMENT RESPONSE

To measure the instrument response function (IRF),
the sensing film, which also contained a short-lived

aza-Bodipy dye, was imaged with the Tpx3Cam
system. This dye is excitable with the same red LED
(Figure 3f) as used for all measurements here showing
fluorescence at 650 nm with lifetime in the low ns
range®. The LED bias voltage was set to 4.0 V and
the pulse duration to 50 ns, a minimum providing
stable lifetime signal in Tpx3Cam.

Figure 6 shows several distributions of the photon
arrival time with respect to the synchronous pulse
received by the camera. Variation of this time
provides information about the IRF. The time
distributions for all hit pixels and for the centroided
pixels are shown before and after the TOT correction.
For the most inclusive measurement, all hit pixels
were included, whereas for the centroided data only
the earliest timecode for each photon hit was included,
which explains different population of the histograms.
The gaussian fit of the centroided, TOT corrected
distribution has FWHM of 30.6 ns. The background
was accounted for as a constant in the fit.

As expected, the centroiding significantly improves
the temporal resolution of the Tpx3Cam imager by
effectively selecting pixels with higher TOT which
substantially reduces the timewalk effect. To account
for the timewalk and to further improve the time
resolution we apply the TOT correction by shifting
the pixel TOA by an amount determined through a
special calibration procedure®®.
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Figure 6. Instrument Resolution Function (IRF) position
in the measurement time interval is shown for all hit
pixels and for the centroided pixels. In both cases the
distributions are shown before and after the TOT
correction. Gaussian fit of the centroided and TOT
corrected distribution corresponds to the IRF FWHM of
30.6 ns. Background was described with a constant in the
fit.

To further illustrate effects of centroiding and TOT
correction on the achievable timing resolution, Figure
7 presents the two-dimensional distributions of
measured time versus TOT for four cases: (a) all hit
pixels; (b) all hit pixels with TOT correction applied;
(c) centroided pixels; (d) centroided pixels with TOT
correction applied. We note that the non-centroided
distribution is the most affected one by the timewalk
as it contains many pixels with small signal. After the
TOT correction the distributions are vertically
oriented minimizing the time spread.

We note that the time resolution for this setup is
dominated by the timing properties of the LED flash,
which has a finite rise time and considerable 50 ns



duration and, thus, cannot be considered
instantaneous. The FWHM resolution, 30.6 ns,
achieved in the measurements is, therefore, limited by
the LED and, no doubt, can be improved with more
sophisticated illumination schemes. The time
resolution for single photons measured in the
experiments employing pairs of simultaneously
produced entangled photons was measured to be
better than FWHM 5.0 ns*.

Despite not exploiting fully the Tpx3Cam time
resolution, the currently achieved IRF is adequate for
PLIM applications with decay times in excess of 100
ns such, such as described below, and it will not limit
the precision of lifetime measurements in this study.
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Figure 7. Two-dimensional distributions of time, in
microseconds, versus TOT, in nanoseconds, for four
cases: (a) all hit pixels; (b) all hit pixels with TOT
correction applied; (c) centroided pixels; (d) centroided
pixels with TOT correction applied.

3.4 PLIM IMAGING

Following the above optimisation of PLIM settings
and data processing algorithms, several different
phosphorescent samples were imaged on the
Tpx3Cam imager to assess its performance. Excitation
parameters (LED pulse width and amplitude) for each
sample were optimised by observing the rate of
photon events from the Tpx3Cam employing the on-
line monitoring of frames in Sophy. To generate
PLIM images, data from the camera was then
collected for 20s for each sample. During the
measurement of the solid state O, sensor, a total of
98,884 “frames” with 81 million triggered pixels were
acquired at a pixel readout rate of 4 MHz. 12 million
photon events were found in the event size range of 3-
15 pixels and 0.7 million undersize and 2 million
oversize events were discarded. This corresponds to
accepted photon event count rate of ~0.6 MHz.
Whereas, for the respiring HCT116 cells,
100,140 “frames” with 59 million triggered pixels
were acquired at a pixel readout rate of 3 MHz. 10
million photon events were found in the size range of
3-15 pixels corresponding to a photon event count rate
of ~0.5 MHz.
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Figure 8. PLIM images obtained with Timepix3 imager:
(a) PtBP-RL100 based Oz sensor spotted on porous
PVDF membrane; (b) Lifetime gradient caused by
varying Oz concentration in a tube with respiring
HCT116 cells precipitated at the bottom; (c)
Phosphorescent decays for areas marked in (b) with bi-
exponential fits and residuals of fits.

Figure 8a shows PLIM image of a solid-state O,-
sensitive coating, which was applied on a
microporous membrane by spotting (see photograph
on Figure 3d), measured in air (21% O_) at 24°C. One
can see good homogeneity of phosphorescence
lifetime within the spotted sensor, with mean lifetime
values of 20.3 ps and standard deviation of 0.6 ps for
the selected FoV (red box). The minute variations of
lifetime values across the spot are due to the micro-
heterogeneity of the sensor material. Such micro-
heterogeneity is quite common for polymeric O,
sensors, being comparable or even smaller for this
example than for the other phosphorescent sensors
imaged by confocal TCSPC-PLIM*,

In Figure 8b, the PLIM imager, together with the
NanO2-IR probe added to the sample with live
respiring cells, reveal the formation of a prominent O,
gradient in the culturing tube. Probe lifetime values on
the image are seen to largely increase towards the
bottom of the tube, which reflects significant
depletion of O, in this area due to the cell
respiration*®. Upon proper calibration of the probe,
these lifetime values can be converted into O,
concentration values and to the complete map of O,
distribution within this biological sample!!. Figure 8c
shows the phosphorescent decay for the regions
marked in Figure 8b and bi-exponential fits to the
decays. The flat residuals indicate that a bi-
exponential decay function provides a good fit to the
decay. The fits yield decay times of 42.8 us, 35.4 ps
and 29.6 us for P1, P2 and P3, with chi-squared
values of 1.08, 1.01 and 1.03 respectively.

4. CONCLUSIONS

The Tpx3Cam coupled by means of Cricket®
adaptor with image intensifier, emission filter and
macro-lens produced a compact and flexible PLIM
imager. The spatial resolution of the system was
assessed and optimised using different algorithms of
centroiding of photon hit events. The resolving power
was found to be 12.7 Ip/mm, and line width - 39.4
pum. The IRF was also measured, which gave a
temporal resolution of the system of 30.6 ns
(FWHM).

The Tpx3Cam imager was then tested by imaging
phosphorescent chemical and biological samples,
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including a solid-state O, sensitive coating and a
suspension of live mammalian cells in a test tube.
Rather uniform lifetime distribution was obtained for
the O, sensitive coating, whereas a prominent lifetime
(i.e. O, concentration) gradient was revealed for the
sample with respiring cells.

Overall, the new system shows good performance
in PLIM mode, and is much faster than the other
similar devices described previously. It can image
objects of several centimetres in size with high spatial
resolution and flexible optical alignment (e.g. vertical
or horizontal configuration). In its present form, the
imager is well-suited for various applications based on
wide-field PLIM. System performance can be further
improved and extended by replacing the LED with a
fast laser source, which can also enable the
nanosecond FLIM mode.
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