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ABSTRACT

This thesis presents the development, validation, and application of novel
tools for in vivo fluorescence lifetime imaging (FLIm) using miniaturised
single-photon avalanche diode (SPAD) arrays. FLIm can enhance bio-
chemical specificity by enabling discrimination between fluorophores with
overlapping emission spectra but distinct fluorescence lifetimes (FLT). It
is also sensitive to the local molecular environment, making it valuable
for label-free diagnostics. The core technology applied in the thesis is
the EndoCam, a compact 128 x 120 SPAD array with time-gated pho-
ton counting capability and a footprint of 2.0 mm x 1.4 mm, designed for
integration into chip-on-tip endoscopic systems.

The thesis demonstrates the integration of the EndoCam into three
distinct FLIm platforms: (i) a bench-top wide-field system for metabolic
imaging of ex vivo tumour tissue using planar pH sensors (Paper I); (ii) a
miniaturised imager for portable diagnostics, validated through measure-
ment of polymer beads and imaging of stained porcine tissue (Paper II);
and (iii) a chip-on-tip FLIm micro-camera with a 4 mm outer diameter
— the first of its kind at a scale compatible with endoscopic deployment
— capable of resolving features below 30 pm and benchmarked against a
time-correlated single-photon counting (TCSPC) system (Paper III).

To support system benchmarking and clinical translation, a set of
solid-state fluorescence lifetime standards using dyed epoxy resins was de-
veloped (Paper IV). These standards span lifetimes from sub-nanosecond
to over 3.5 ns, and were evaluated for photostability, fabrication repeata-
bility, and microstructural uniformity using a confocal microscope.

Together, these contributions establish a foundation for compact, dis-
posable chip-on-tip FLIm systems suitable for clinical applications such
as endoscopy and image-guided surgery; this helps advance the transla-
tion of FLIm from research to real-world diagnostics, paving the way for
future clinical deployment.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Fluorescence lifetime imaging (FLIm) is a powerful analytical tool with
a wide range of potential applications. It can increase the biochemi-
cal specificity of fluorescence measurements by allowing differentiation
between fluorophores with overlapping emission spectra but with differ-
ent fluorescence lifetimes [1, 2]. Because the lifetime of a fluorophore
is dependent on its environment, FLIm can also discriminate between
different fractions of the same fluorophore under varying environmental
conditions [3].

Fluorescence lifetime (FLT) measurements of endogenous fluo-
rophores in tissue and cell cultures have provided insights into tissue
metabolism [4], and lifetime-based exogenous fluorescent markers have
been applied to measure parameters such as temperature, viscosity, pH,
and ion concentration [3, 5]. Wider applications of FLT measurements
reported in literature include diagnostic measurements of combustive fu-
els [6], the detection of explosive vapours emitted from landmines [7],
and the monitoring of varnish removal in painting conservation [8].

In the analysis of ex wvivo tissue samples, changes in FLT have been
shown to be indicative of disease, enabling differentiation between healthy
and diseased tissue |1, 9]. In recent years, FLIm! has shown promise for
label-free intraoperative tumour margin assessment in ex wvivo human
tissue samples [10-12].

However, translating these capabilities to in vivo clinical settings re-
mains challenging. Most existing in vivo FLIm systems rely on point-
scanning or fibre-bundle-based architectures, which are limited by me-
chanical complexity, acquisition speed, and probe flexibility. Wide-field
FLIm systems offer improved throughput and reduced motion artefacts,
but current implementations are often bulky and not easily miniaturised
for clinical use.

Concurrently, white-light endoscopy has seen a growing trend toward
single-use, chip-on-tip devices. This shift is driven by the miniaturisation
and cost reduction of CMOS camera technology, as well as the clinical
advantages of disposability, such as avoiding sterilisation and reducing
cross-contamination risks [13, 14]. Therefore, the development of chip-
on-tip endoscopes with wide-field FLIm capability is of interest for the
long term application of FLIm in surgery.

Recent advances in single-photon avalanche diode (SPAD) technol-
ogy have enabled the development of compact, time-resolved SPAD ar-

IThroughout this thesis, the acronym FLIm is used broadly to refer to systems
performing fluorescence lifetime imaging across various spatial scales. The term FLIM
(fluorescence lifetime imaging microscopy) is reserved specifically for systems operat-
ing at the microscopic scale.



1.2 Thesis Goals

rays [15]. These detectors offer high temporal resolution, single-photon
sensitivity, and the potential for scalable, low-cost production. Com-
mercially available SPAD cameras have already demonstrated wide-field
FLIm capability in bench-top systems [16, 17].

The miniaturisation of SPAD arrays, fabricated with standard CMOS
processes, makes their use for a chip-on-tip FLIm endoscope feasible. An
example of this is the EndoCam, a 128 x 120 SPAD array with dimen-
sions 1.4mm x 1.4 mm presented in Erdogan et al. [18]. The EndoCam
uses time-gated photon counting to enable wide-field, time-resolved imag-
ing in a chip small enough for endoscopic integration. By leveraging the
unique capabilities of miniaturised SPAD arrays such as the EndoCam, it
becomes feasible to design chip-on-tip FLIm devices that combine time-
resolved imaging with the practical advantages of disposability and in-
tegration. This thesis is motivated by the potential of such systems to
bridge the gap between advanced fluorescence lifetime imaging and real-
world clinical deployment.

1.2 Thesis Goals

The primary goal of this thesis is to evaluate the capability of minia-
turised SPAD arrays for wide-field, chip-on-tip fluorescence lifetime imag-
ing and to explore their potential for clinical translation. This is achieved
by:

e Developing and validating bench-top and handheld wide-field FLIm
systems using the EndoCam.

e Designing and assembling a chip-on-tip FLIm micro-camera with
integrated imaging optics and excitation light delivery, at a size
scale compatible with endoscopic deployment.

e Investigating the performance limits and imaging capabilities of
these systems, and demonstrating their utility for biomedical ap-
plications, including metabolic imaging and tissue differentiation.

e Exploring the suitability of dyed epoxy resins as solid-state fluores-
cence lifetime standards for system benchmarking and calibration.

Together, these efforts aim to lay the groundwork for compact, dispos-
able FLIm systems that could one day complement conventional white-
light endoscopy in clinical diagnostics and image-guided surgery.

1.3 Structure of the thesis

The thesis is based on 4 papers which are appended at the end of the
thesis and will be referred to by their Roman numerals as Papers I-IV,
respectively, in the text. The primary scientific contribution of the work
conducted as part of the PhD is contained within the papers. The main
text of the thesis includes key background and theory; more in-depth
details of the work carried out to produce the papers; and further work
which is not captured in the papers. As much as possible, content from
the papers has not been repeated in the main text. There are six main
chapters, the content of which is outlined below.

Chapter 2 covers the basic theory of time-resolved fluorescence before
introducing the prominent measurement techniques used to perform FLT
measurements along with the typical instrumentation used. The fitting
methods used for data analysis are also outlined.



Introduction

Chapter 3 reviews the current state-of-the-art in FLIm systems devel-
oped for in vivo applications and discusses their respective advantages,
limitations, and clinical relevance. The chapter also introduces the use of
single-photon avalanche diode (SPAD) arrays for wide-field FLIm, high-
lighting their potential for miniaturisation and clinical translation. This
further establishes the technological context and motivation for the de-
velopment of compact, chip-on-tip FLIm systems.

Chapter 4 introduces EndoCam, the miniaturised 128 x 120 SPAD
array detector that was used for the vast majority of the work in this
thesis. The key characteristics and functionality of the detector are de-
scribed. The different pulsed laser sources used are also described before
an overview of the modular FLIm system developed is presented. The
modular system facilitates the use of different excitation sources and in-
terchangeable front-end imaging systems which use the EndoCam as a
detector.

Chapter 5 provides details on the bench-top wide-field FLIm systems
using the EndoCam which were developed. Firstly, the design of custom
PCBs for the EndoCam are presented. These enabled the chip to be
operated remotely from the control board and integrated into standard
lens tube systems.

The first imaging system presented is the FLT macro-imager which
was used in Paper I. This system was designed for imaging of ex wvivo
mouse tumour samples combined with lifetime-based solid-state pH sen-
sors with a desired field of view of 1cm X 1cm.

The second system is the miniaturised FLIm imager which was used
in Paper II. The motivation for this system was to demonstrate wide-
field FLIm in a hand-held form factor which, if pursued further, could
be applied for in vivo applications where portability and flexibility are
beneficial but where size constraints are not extreme. Such as for lifetime
imaging of skin lesions or of the oral cavity.

Chapter 6 sees the EndoCam integrated into the micro-camera system
presented in Paper ITI which includes integrated imaging optics and ex-
citation light delivery. With an external diameter of 4 mm, this is the
first chip-on-tip FLIm micro-camera on a size scale compatible with en-
doscopic applications. The optical and mechanical designs are presented,
and the assembly process is explained in detail. Finally, the challenges
faced in the effective delivery of excitation light, and the methods imple-
mented to overcome them, are presented.

In Chapter 7, the results of the thesis are then summarised and some
future directions are discussed.






BACKGROUND AND THEORY

CHAPTER 2

In this chapter the necessary background and theory related to FLIm
are covered. The fundamental principles of time-resolved fluorescence
are outlined. Fluorescence lifetime measurement techniques are then de-
scribed; TCSPC and time gating have both been applied in this thesis,
therefore they are covered in some detail. Pulse sampling has not been
applied here, however this technique is outlined briefly due to its ap-
plication in many existing in vivo FLIm systems. Finally, the analysis
methods for FLIm data applied in this thesis are then covered.

2.1 Fundamental principles of FLIm

2.1.1 Fluorescence

Fluorescence is a photo-luminescent phenomenon which occurs when a
molecule, referred to as a fluorophore, undergoes optical excitation and
relaxation. This process is illustrated in a Jablonski diagram in Figure
2.1. The fluorophore absorbs a photon at an excitation light wavelength
A4, causing it to transition from the ground state Sg, to an excited elec-
tronic state (S1, ..., Sp). In each of these electronic states, there are
a number of vibrational energy levels the fluorophore can be excited to.
Following excitation, the vast majority of excited molecules rapidly relax
to the lowest vibrational level of Sy in a process called internal conversion
[19]. From Si, the fluorophore can return to the ground state through
non-radiative processes or through the emission of a photon with light
wavelength Ap. Because of the energy lost through internal conversion,
the emitted light has a wavelength that is longer than that of the ex-
citation light that was absorbed. The difference between A4 and Ap is
known as the Stokes shift.

An important property of fluorophores is the fluorescent quantum
yield, ®y; the quantum yield is the proportion of photons absorbed by
a fluorophore which then result in the emission of a fluorescent photon,
thereby influencing the brightness of a given fluorophore. The quan-
tum yield of a fluorophore is determined by its rates of radiative and
non radiative decay (k, and k., respectively) according to the following
expression [19]:

s

= —. 2.1
kr+knr ( )

Py

2.1.2 Fluorescence decay and lifetime

The radiative and non-radiative decay rates also define the fluorescence
lifetime (7) of a given fluorophore; the lifetime is inversely proportional
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Figure 2.1: A Jablonski diagram illustrating the fluorescence process.
An incident photon with wavelength A4 is absorbed by the fluorophore,
causing it to transition to an excited state. From this excited state it
undergoes rapid non-radiative transition to the lowest vibrational level
of S;. From S; it returns to the ground state Sy either through non-
radiative processes or through the emission of a fluorescent photon with
a longer wavelength A\p.

to the sum of the radiative and non-radiative decay rates, as expressed
by [19]:

_ 1
B kr"'knr'

Fluorescence emission is a stochastic process so the fluorescence life-
time is the average time a fluorophore remains in the excited state before
returning to the ground state and emitting a photon [19, 20]. The lifetime
is an intrinsic property of a fluorophore in a specific environment and,
within reasonable limits, is independent of its concentration; this can be
a key advantage over intensity-based measurements [3, 21]. It is sensi-
tive to the environment of the fluorophore, including pH, temperature,
viscosity, and binding state, meaning the measurement of a fluorophore’s
lifetime can provide important information about its environment [1, 20].
In reality, many samples exhibit complex decay patterns characterised by
two or more lifetimes; this is due to the presence of populations of differ-
ent fluorophores or subpopulations of the same fluorophore in different
states [22].

T (2.2)

2.2 Measurement techniques

2.2.1 Time-domain fluorescence measurements

Time-domain methods for measuring fluorescence lifetime directly mea-
sure the number of fluorescent photons emitted over time following a
short excitation light pulse. If a sample is excited with an infinitely
short pulse of excitation light, this creates a population of fluorophores
in an excited state. These fluorophores then decay over time according
to the decay rates, k, and k,,. The rate of change in the number of
excited fluorophores is described by the differential equation:

N*(t)

AN*() -
pra N*(t).(ky + kpyr) = . (2.3)

where N*(¢) is the number of excited fluorophores at a time ¢ following
the excitation pulse. For a sample containing a single fluorophore in a
homogenous environment, N*(¢) is then given by:
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N*(t) = Nie = (2.4)

where N denotes the number of excited fluorophores at ¢ = 0. The
rate of fluorescent photon emission I(¢) is then found by multiplying the
number of excited fluorophores by the radiative decay rate,

I(t) = ky - N*(¢). (2.5)
We can substitute equation 2.4 for N*(t) giving

t

I(t) =k, - Nie +. (2.6)

Ng and k, are both constants and multiplying them together gives
the rate of fluorescent photon emission at ¢ = 0 (denoted here as Iy).
The time-resolved fluorescent emission can therefore be described by a
mono-exponential decay with a decay constant equal to the fluorescence
lifetime 7:

I(t) = Ipe . (2.7)

As has been stated already, samples often exhibit two or more life-
times due to the presence of multiple fluorophores in different states. In
the general case of a sample with n lifetime components, the fluorescent
emission can be described by a weighted sum of exponential decays,

t

I(t)=To.» ae 7, (2.8)
=1

where o; is the fractional contribution of lifetime component 7; such
that

zn:ai =1. (2.9)

After analysis, an average fluorescence lifetime for a sample is often
reported; this may be the intensity average lifetime (7) ; or the amplitude
average lifetime (7),. The intensity average lifetime can be defined as the
average time of a mixed population of fluorophores remain in an excited
state. Each lifetime component is weighted by its relative contribution to
the total fluorescence decay. (7); can be calculated using the following
expression 2.10 [23]:

(T)f = Lot
Dy QT

The amplitude average lifetime is instead calculated using the expres-
sion 2.11:

(2.10)

(T)a=Y_ T, (2.11)
i=1

where each lifetime component 7; is weighted by its fractional contri-
bution «;. () is less stable than (7), as it requires lifetime components
to be well resolved [24]. However, it can be useful for the analysis of het-
erogeneous biological systems with multi-exponential decay dynamics; it
can be used to estimate the energy transfer efficiency in Forster resonance
energy transfer (FRET) or to investigate quenching behaviours [25].

In practice, it is not possible to create an infinitely short pulse of ex-
citation light, nor is it possible to take a perfectly precise measurement
of photon emission times. The precision of a given FLT measurement
system is defined by its instrument response function (IRF). The IRF
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Figure 2.4: Simulated photon
arrival-time histograms after de-
tection of (a) 10, (b) 100, and
(c) 10,000 photons. As the num-
ber of detected photons increases,
the measured distribution more
closely resembles the expected de-
cay curve.
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Figure 2.2: An illustration of the effect of the IRF on the measured fluo-
rescence decay. The IRF is a representation of the instruments response
to an infinitely short decay. It has the effect of smearing out the mea-
sured decay (right) when compared to the ideal decay model (left). The
broader the IRF, the more pronounced the effect will be.

characterises how the system would respond to an ideal, infinitely short
fluorescence decay, effectively describing the system’s temporal resolu-
tion. The primary contributors to the IRF are the temporal response of
the detector, timing jitter in the system electronics, the temporal shape
of the excitation light pulse, and dispersion in the system optics. The
fluorescence decay measured by a system, M (t), is the convolution of the
ideal fluorescent decay in equation 2.8 with the system IRF:

M(t) = IRF(t) * I(t). (2.12)

The effect of the IRF on the decay curve measured by a system is
illustrated in Figure 2.2.

2.2.2 Time-correlated single photon counting

Time-correlated single photon counting, or TCSPC, involves repeated
detection of single photons and recording of their arrival time relative to
a periodic reference signal [19, 26], as illustrated schematically in Fig-
ure 2.3. For FLT measurements, the reference signal comes from the
excitation source, typically a pulsed laser operating with a repetition
rate in the MHz range. A single fluorescent photon is detected using a
high-gain detector, such as a PMT or a SPAD. The arrival time of the
photon relative to the reference signal is recorded and assigned to a dis-
crete time bin. This process is repeated many times and a histogram of
photon arrival times is gradually built up which reflects the fluorescence
decay being measured as illustrated in Figure 2.4 [5, 26].

TCSPC is a widely used time-domain technique which is employed
in many commercially available FLT spectrometers and confocal FLIM
systems. It can have excellent time resolution as the system IRF width is
dictated by the timing jitter in the rising edge of the detector’s response,
not by its temporal width [26]. The technique is sensitive to individual

laser fluorescent
pulse photon

Time
Figure 2.3: A schematic of the TCSPC method. The time delay between
the excitation laser pulse and single detected photons are recorded. This
is repeated many thousands or millions of times to build up a histogram
of photon arrival times.
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Figure 2.5: A schematic of the pileup effect that can occur with tradi-
tional TCSPC systems. After a photon is detected, the detector and
electronics have a fixed dead time where the system cannot detect any
photons. If a second photon arrives during this dead time then it is
lost. If two photons are regularly arriving during a single laser cycle, it
will distort the photon arrival time statistics, biasing photons that arrive
early in the detection window.

photons making it suitable for measurement of weak fluorescence signals
where analog measurements are not possible [27].

A limitation of TCSPC is that the acquisition speeds are limited by
the maximum count rate achievable. Traditional TCSPC systems are
designed to detect only one photon per excitation cycle. If a second
photon arrives during one laser cycle then it will be lost; if this were
to occur very often throughout a measurement then it would lead to
a distortion of the measured signal which over represents early-arriving
photons, an effect referred to as pile-up [26, 27]. In addition to this, both
the detector and electronics have a dead time following the detection of
a photon. At sufficiently high laser repetition rates this dead time can
extend into subsequent laser cycles. Any photons arriving during this
dead time are also lost. These two effects are illustrated in Figure 2.5.

Because of this, count rates in standard TCSPC systems are typically
limited to approximately 1% to 5% of the laser repetition rate. For
instance, with a 20 MHz laser, the detector count rate should be limited
to 0.2 MHz to 1 MHz to avoid pile-up.

More modern detection systems using low dead time time-to-digital
converters (TDC) have been reported which are capable of recording mul-
tiple photon arrival times from the same laser pulse, thereby increasing
the maximum count rate [28]. The maximum count rate can also be
increased by splitting the light collected into parallel detection channels
with parallel TCSPC modules. Such systems have not been applied in
this thesis, however.

2.2.3 Time-gating

In time-gating the detector is activated at specific time intervals after
the excitation pulse, meaning the fluorescence emission is only detected
during specific time windows (gates) [21]. The delay time can be shifted
in steps to acquire photons at different delay times. This enables the
fluorescence decay across the sample to be reconstructed as illustrated
in Figure 2.6. The number of time gates acquired and their width can
be tuned to trade off between temporal precision and acquisition speed.
Acquiring photons over fewer gates with a larger width will be faster
but will result in a coarser measurement of the fluorescence decay. This
technique can be performed with gated image intensifiers or SPAD arrays
[20].

This approach can provide fast FLIM acquisition, especially for wide-
field imaging, allowing much higher count rates than TCSPC [5]. How-
ever, it is quite optically inefficient as any photons which arrive outside
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Figure 2.6: A schematic of the time-gating measurement technique. The
decay curve is sampled in a short window (time gate). The position of
this gate is then shifted over several measurements to recover the full
decay curve.

the time gate are lost [28] and has a lower time resolution than TCSPC

[5].

2.2.4 Pulse sampling

Pulse sampling refers to techniques where the entire fluorescence decay
waveform after a pulsed excitation is directly recorded using fast-response
detectors such as a photomultiplier tube (PMT) or an avalanche photode-
tector (APD) and digitisers with GHz bandwidth [1]. As seen in Section
3.1, this method is used in many clinical FLIm systems, often in combi-
nation with multispectral detection [1].

Data processing typically involves averaging waveforms to improve
signal-to-noise ratio and correcting for background signals. Pulse sam-
pling is less susceptible to interference from background illumination
which is beneficial for integration into clinical procedures where bright
room lights are desirable for clinicians [1, 29]. However, analog detection
means high energy laser pulses are required for good signal-to-noise ra-
tio (SNR); for in vivo applications this needs to be closely monitored to
ensure safe exposure limits are not exceeded and to prevent thermal and
photochemical tissue damage [28, 30]. The temporal resolution of pulse
sampling is limited by the bandwidth of the digitiser used and by the
temporal single-photon response of the detector; this limits the ability
to resolve multi-exponential decays, especially those containing lifetime
components faster than 300 ps [28].

2.2.5 Frequency domain fluorescence measurements

Although this thesis focuses on time-domain FLIm, frequency-domain
FLIm (FD-FLIm) is briefly introduced here for completeness, as it rep-
resents an alternative approach widely used in fluorescence lifetime mi-
croscopy and macroscopic imaging. Because FD-FLIm was not applied in
this work, only a high-level overview is provided, and the analysis meth-
ods described later in this chapter pertain exclusively to time-domain
techniques.

FD-FLIm estimates fluorescence lifetimes by modulating the excita-
tion light at a radio frequency and analysing the response of the emitted
fluorescence. Due to the finite lifetime of the excited state, the emitted
fluorescence is delayed relative to the excitation and its modulation am-
plitude is reduced. These effects can be quantified using either the phase
delay or the modulation depth of the fluorescence signal.

The phase lifetime (1) is derived from the phase shift (¢) between the
modulated excitation and the delayed fluorescence emission. It represents
the average temporal delay of the fluorescence signal:

o= ta’:f¢)7 (2.13)
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where w is the angular modulation frequency of the excitation source.

The modulation lifetime (757) is instead derived from the reduction
in modulation depth (M) of the fluorescence emission compared to the
excitation:

1 1

™ =\ 1. (2.14)
Phase and modulation lifetimes are mathematically related to time-
domain measurements through the Fourier transform [3, 21]. For a single-
exponential decay, 74 and 7)s are identical, but for multi-exponential or
complex decays they generally differ, with the phase lifetime weighting
longer components more and the modulation lifetime more sensitive to
shorter components.

One of the main advantages of FD-FLIm is its ability to achieve
high-speed acquisition. Lifetime estimation is derived from phase and
modulation, without reconstructing the full decay curve. This signif-
icantly reduces acquisition time, making the technique well-suited for
real-time imaging. FD-FLIm also simplifies the electronics compared
to time-correlated single-photon counting (TCSPC). Instead of requir-
ing picosecond timing of individual photons and complex time-to-digital
converters, FD-FLIm uses analog phase detection or on-chip demodula-
tion. This reduces hardware complexity and data throughput because
only two parameters, phase and modulation, are extracted per pixel [5].
Furthermore, FD-FLIm does not require single-photon sensitivity; de-
tectors operate in linear mode, measuring the analog modulation of the
fluorescence signal rather than discrete photon arrival times. This al-
lows the use of conventional high-speed detectors rather than specialised
single-photon devices.

Despite these advantages, FD-FLIm has some limitations. Accurate
lifetime determination requires precise calibration to correct for phase er-
rors and instrument response, which can introduce complexity in system
setup. The technique is also less robust for samples exhibiting multi-
exponential decays, where phase-based estimation becomes less reliable.
Furthermore, while FD-FLIm offers excellent speed, its temporal reso-
lution is generally lower than that achieved by TCSPC, making it less
suitable for applications requiring precise characterisation of fast decay
components.

2.3 Analysis Methods

Once fluorescence data has been acquired, appropriate analysis methods
are required to extract the sample lifetimes. Since frequency-domain
FLIm was not implemented in this thesis, the discussion here focuses
exclusively on time-domain data processing. In this work, this has been
done using curve fitting; the acquired data is fit to a model of fluorescence
decay yielding lifetime values that best describe the observed data. The
model applied can be an ideal exponential decay as in equations 2.7 and
2.8, this is herein referred to as tail fitting. Alternatively, the model can
take into account the influence of the system’s IRF as in equation 2.12,
this is herein referred to as reconvolution fitting. Both of these fitting
methods are explained below and implemented on the same example
dataset for comparison.

The data used for fitting is example data provided with the opera-
tion software for the PicoQuant PicoHarp 300 TCSPC module. At the
time of writing, the software (and the data within it) is freely available
online [31]. The data is a fluorescence decay acquired from a sample of
Coumarin 6 dye in ethanol using 440 nm laser excitation at a 10 MHz
repetition rate, and 520 nm emission detection with a PMT.
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Figure 2.7: The example data set used here for demonstrating the fitting
process. The data was acquired from a sample of Coumarin 6 fluorescent
dye using 440 nm excitation and a TCSPC system with a PMT detector.
The region from which the background counts can be estimated is also
indicated on the plot.

2.3.1 Talil fitting

Tail fitting involves fitting an exponential decay model to the later part
of the measured signal. This approach doesn’t consider the influence of
the system IRF on the measured signal, therefore it will not yield as
accurate results as methods which do take this into account, especially
for decay components of a similar size to the IRF width. However it can
be useful when knowledge of the system IRF is not available.

Before fitting can be performed, there is some pre-processing on the
data required, beginning with background correction. For real-world
measurements, the photon counts observed will be offset from zero by
a background offset; this can come from ambient light in the room or
from the dark count rate of the detector. The background offset can
be included as a fitting parameter if preferred, but it is often possible
to select a region in the measurement where no visible fluorescence is
detected; the photon counts over this region can be averaged to esti-
mate the background and then subtracted from the signal to obtain the
background-corrected count values. Care must be taken when using this
approach for fluorophores with longer lifetimes; in these cases, the tail
of the decay can be long enough that it wraps around and can be seen
at the beginning of the measurement window. Any region including the
tail for the decay should not be included for background estimation of
course. This effect can be mitigated by using a lower laser repetition rate
but this will lead to a corresponding increase in acquisition time. The
observed background-corrected counts in time bin ¢; is denoted c;. The
sample data is presented in Figure 2.7 and the region for background
estimation indicated.

The next step is to select the region of the signal over which to perform
fitting. For tail fitting this should begin enough beyond the peak of the
curve that the influence of the IRF has mostly subsided. In this case we
will fit from 80 % to 1% of the maximum observed counts on the falling
edge of the decay. Let a and b denote the time-bin indices after the peak
where ¢; first falls below 80% and 1% of the max value respectively.
Fitting will then be performed over the time window ¢, to t;.

Next we determine the model for fitting. For this example a mono-
exponential decay model is used, therefore the predicted counts is given
by the expression 2.15:
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¢ =1Ip exp—w. (2.15)
Here t( is the time bin where the fluorescence decay "starts". With
real data there is no exact moment the decay starts but ¢y can be esti-
mated as the time bin with the maximum photon counts or alternatively
the steepest point on the rising edge of the measured decay!. Either of
these estimation methods are preferred to a user-defined ty as they are
repeatable and can be applied consistently across multiple measurements.
I is sometimes included as a fitting parameter but we can also con-
strain it according to equation 2.16:

b b
Zéj = ZC]'. (216)
j=a Jj=a

This enforces the condition that, over the fitting range, the total
predicted photon events is equal to the total observed photon events. The
value of I can then be found as follows by substituting the expression
for ¢; from equation 2.15 and moving Iy outside of the summation:

T

- (t; —to) _ <
IOZeXp—ji :ch, (2.17)
j=a j=a

b
. Cj
Iy = =0 (2.18)

ST exp— G

For the work in this thesis, fitting is performed through minimization
of the sum of weighted squared residuals. Here this takes the form of a
Pearson’s chi squared, x%, in which squared residuals are weighted by
dividing by the predicted counts and then summed over the fitting region
[32], this is expressed as:

" (e — &)?
Xp=) (2.19)
j=a J

A value of 7 which minimises the above expression is then found
using an optimisation algorithm, typically the Levenberg-Marquardt al-
gorithm. The fitting result is evaluated by calculating the reduced chi-
squared value X?e 4 over the fitting range, this is found by dividing x% by
the degrees of freedom such that

1
Xred = 35— — pX?% (2.20)

where b — a gives the number of time bins used for fitting and p is the
number of fitting parameters and constraints. In this case p = 2 as we
have one fitting parameter 7 and one constraint as imposed in equation
2.16. The closer the value of x?2_, is to 1, the better the fit is considered.

The results of fitting can be visualised by plotting the observed and
predicted counts as shown in Figure 2.8. The residuals (the difference
between the observed and predicted counts) are also presented; residuals
randomly distributed around zero are desirable within the fitting range.
For this data, a lifetime value of 2.60 ns was obtained with a x?_, of 1.12

using tail fitting.

n the case of a monoexponential decay model, the choice of g does not affect the
result. However, for a multiexponential model, it can influence the relative weightings
of the lifetime components. For lifetime values within the range where tail-fitting
is appropriate, this impact is likely to be small. Tail fitting with multiexponential
models has not been applied in this thesis; therefore, a detailed discussion of this
effect is not included.

13



2.3.2 Reconvolution fitting

14

104 3 E Observed Counts
1 Fit (T = 2.60 ns)
0 1 )
£ 103 4 J i Fit start/stop
3 ] g |
o ] 4o
c 102 4 4
S N
Q ] | i I
i 101 E RS . .’..J : :
g*.*:*-—.—.." inais | H - 'E
B I L ! ! -e
10° — : : L
r_mu 2001 : Residuals, x2=1.12
-3 0 —4
(%]
Q
m _200 ) T T T T
10 15 20 25 30 35
Time (ns)

Figure 2.8: The results of tail fitting on a fluorescence decay measurement
from Coumarin 6 dye. The measured photon counts and the fitted model
are plotted in the upper axes while the residuals (¢; — ¢;) are shown in
the lower graph. The fitting range (¢, to t;) is indicated by the dashed
red lines in both plots. An optimum 7 value of 2.60 ns was obtained after
fitting. The residuals appear randomly distributed either side of zero
over the fitting range and a x?_,; value of 1.12 indicates a good fit.

A better fit with measured data can often be achieved by increasing
the number of lifetime components in a the model applied, and therefore
the number of fitting parameters. The equation for ¢; then takes the
following form:

. t;—t
éj = IO Zai exp —M. (221)

i=1 Ti
However, the number of components should ideally be chosen based on
knowledge of the expected photophysics of the sample. Without this, the
inclusion of additional lifetime components can lack physical meaning.

2.3.2 Reconvolution fitting

If a measurement of the system IRF has been taken, we can incorporate
this into out model for fitting by convolving the IRF with the exponential
decay model as in equation 2.12. This allows compensation for the imper-
fection of the measurement system, thereby yielding more reliable lifetime
measurements, especially at shorter lifetimes. The IRF can be measured
by removing the filter from the detection path and directly measuring
the laser pulse from a scattering, non-fluorescent sample. This sample
is often LUDOX® silica beads or a piece of frosted glass. Alternatively,
an IRF measurement can be obtained from a quenched fluorescent dye
with a very fast decay, much shorter than the width of the laser pulse.
This second option has the benefit of measuring the IRF at a similar
wavelength range as the fluorescence of future samples; this can become
significant for detectors with wavelength-dependent response times, such
as SPADs.

For the example data used in the previous section, a measurement of
the IRF has also been provided and is presented in Figure 2.9. Before
applying the IRF in the fitting model, the background counts should be
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Figure 2.9: The measurement of the instrument response function (IRF)
provided with the example decay data. Background subtraction should
be performed before applying the IRF for reconvolution fitting.

estimated and subtracted; this can be done in the same way as was done
previously with the data.

The predicted counts are now obtained from the discrete time convo-
lution of an ideal exponential decay and the system IRF. For a monoex-
ponential decay the predicted counts c; for a given time bin j is found
using equation 2.22,

- (tr—; — to)
¢; =1y w;exp —~—~4 2 2.22
) g_jm ) - (2.22)
where w; is the IRF value in the j'" time bin. In this instance, tg
is now the temporal offset between the IRF measurement and the fluo-
rescence decay and is included as a fitting parameter along with 7. This
offset can arise from a few sources: if the IRF has been recorded at
the excitation wavelength, it can be due to different propagation speeds
through optical elements of the system compared to the fluorescence sig-
nal; or from different detector response times at the excitation wave-
length; or in some systems, a different optical path is used for recording
the IRF causing an offset in the arrival time.
Similarly as before, in the general case of a multiexponential model
with n lifetime components, ¢; is expressed as:

b=10 Y w Y agep - 1), (2.23)
i=1 g

k=—o00

The same constraint on the total photon counts over the fitting range
from equation 2.16 can be applied here; for a monoexponential decay I
is now obtained from equation 2.24:

b
_ Zj:acj
- b ti_j—to)
Zj:a Zzo:—oo wj exp _(k;io)

From this point, the fitting process can be carried out in the same
way as with tail fitting over the same fitting range (¢, to ¢5); optimum
values of 7 and ¢ty are found which minimise equation 2.19, and the fit is
evaluated by calculating Xfed using equation 2.20. In this case we have
two parameters (7 and ty) and one constraint from equation 2.16, so
p = 3. The results of reconvolution fitting using the example data and
IRF are shown in Figure 2.10 along with a plot of the residuals; a lifetime
value of 2.47 ns was obtained with a x2,, of 1.12.

Iy

(2.24)
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Figure 2.10: The results of reconvolution fitting on a fluorescence decay
measurement from Coumarin 6 dye. The measured photon counts, IRF,
and fitted model are shown in the upper plot. The residuals are shown
in the lower plot. The fitting range is indicated by the dashed red lines.
An optimum 7 value of 2.47ns was obtained after fitting. The residuals
appear randomly distributed either side of zero over the fitting range and
a x2., value of 1.12 indicates a good fit.

Interestingly, the two fitting methods produce identical Xfed values
indicating an equally good fit to the observed data. However, considering
that reconvolution takes into account the response of the system (i.e. ad-
ditional information about the measurement system), it is reasonable to
accept this as a more accurate measurement of the sample photophysics.
A lifetime value for Coumarin 6 of 2.5 ns is often used as a standard with
460 nm excitation for system calibration [33, 34|, and Szlazak et al. [35]
report a lifetime of 2.48 ns using 440 nm excitation, the same as was used
for the example data presented here. This shows good agreement with
the result obtained using reconvolution fitting.

Tail fitting can still be of use for detecting a lifetime contrast between
different samples measured with the same system (or different locations
on the same sample), though this contrast will be limited for lifetimes val-
ues approaching the IRF width. For an accurate absolute measurement
of sample lifetimes, reconvolution fitting is preferred.

2.3.3 Fast lifetime estimation

In addition to the fitting-based methods described above, a fast estima-
tion technique for fluorescence lifetimes was also applied in this thesis,
herein referred to as FastLT. This method was used for the microscopic
inspection of the solid-state FLT standards described in Paper I'V using
the Fast FLIM method? in PicoQuant’s SymPhoTime fitting software.

The FastLT method estimates the average lifetime as the time differ-
ence between the barycentre (or centroid) of the IRF and the barycentre
of the measured decay. This approach is computationally efficient and
particularly useful for generating initial lifetime maps or for applications
where speed is critical.

Mathematically, the barycentre of a decay curve I(t) is given by:

2https://www.tcspc.com/doku.php/glossary:fast_lifetime
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Figure 2.11: Application of the FastLT method to the Coumarin 6 decay
dataset. The observed fluorescence decay and the instrument response
function (IRF) are shown, along with their respective barycentres. The
estimated average lifetime, calculated as the time difference between the
two barycentres, is 2.39 ns.

>, til(t5)
(t) = 30 (2.25)

The estimated average lifetime Tgastpr is then:

TFastLT — <t>decay - <t>IRF- (226)

If a measurement of the IRF is not available, a start time t; must
be estimated by other means, such as were proposed in section 2.3.1.
However, this can introduce a systematic offset in the estimated lifetimes.
While this method does not resolve multiple exponential components, it
is robust to low photon counts and provides a useful approximation of
the average lifetime. This makes it well suited for rapid screening or for
use in systems with limited computational resources.

By applying the FastFLT method to the same Coumarin 6 dataset
used previously, the estimated average lifetime was found to be 2.39ns
as shown in Figure 2.11. This value is slightly lower than the values
obtained using tail fitting (2.60ns) and reconvolution fitting (2.47 ns).
This small discrepancy is expected, given the simplicity of the estimation
approach. Nonetheless, the method is useful for rapid and reasonably
accurate lifetime estimation.

2.3.4 Error analysis in lifetime estimation

Error analysis is an important consideration in fluorescence lifetime imag-
ing, as uncertainties arise from photon shot noise, background subtrac-
tion, and the non-linear fitting used to extract decay parameters. At the
single-pixel level, the precision of a fitted mono-exponential lifetime can
be estimated from the covariance matrix of the fit or by standard error-
propagation methods. These confidence intervals reflect the variabil-
ity expected from repeated measurements of the same pixel and depend
strongly on photon statistics; higher photon counts yield lower statisti-
cal uncertainty, with the standard error approximately scaling as 1/ VN,
where N is the number of detected photons [36]. Typical thresholds re-
ported in the literature for reliable mono-exponential fitting lie in the
range of 103-10* detected photons per pixel [36]. For multi-exponential
models, the photon requirements are generally higher due to increased pa-
rameter correlation and fitting complexity; however, this is not explored
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in detail here because only mono-exponential fitting was performed in
this work.

Although pixel-level confidence intervals quantify measurement noise,
they do not capture spatial or biological heterogeneity and therefore do
not directly represent the uncertainty of a larger region or sample. For
this reason, uncertainty is assessed at the image level by reporting the
mean and standard deviation across groups of pixels. This approach,
widely adopted in FLIm studies [37], provides a robust measure of vari-
ability while avoiding the instability of per-pixel error estimates in low-
photon regimes.

2.4 Phototoxicity and safe exposure considerations

Optical excitation is an essential element of fluorescence lifetime imaging;
in the context of in vivo applications where tissue is directly illuminated,
this excitation must be carefully controlled to avoid photothermal or
photochemical injury. Only certain tissues have well-established expo-
sure limits; in particular, I.S. EN 60825-1 provides maximum permissible
exposure (MPE) values for the skin and for ocular tissues (cornea, lens,
and retina) 38|, forming the regulatory basis for laser safety evaluations
in biomedical systems. No specific exposure standards exist for deeper
tissues or hollow organs, so these superficial tissue limits are the only
formal references available. It is also important to recognise that accu-
rate fluorescence lifetime estimation requires detecting sufficient photons
(typically on the order of 103-10* per pixel for robust fitting), so the
achievable measurement precision is fundamentally constrained by how
many excitation photons can be delivered to the tissue while remaining
below these MPE-defined safety limits.

Although all experiments were conducted on ex vivo specimens, com-
paring the delivered exposure to appropriate MPE values is important
for understanding potential clinical translatability. In this context, ocular
MPEs are substantially lower than those for the skin. This is primarily
because the ocular media and pupil can collect and focus incident light
onto a small retinal spot, greatly amplifying local irradiance and creating
a more restrictive hazard condition. These more stringent limits there-
fore reflect a specific ocular risk rather than general tissue vulnerability.
Because the imaging systems developed in this thesis are neither config-
ured nor intended for ocular exposure, safety is assessed against the skin
MPEs. These provide the most appropriate reference in the absence of
standards for deeper tissues. For each system, the exposure from a single
pulse and the time-averaged irradiance at the tissue plane are compared
to the relevant skin MPE defined in I.S. EN 60825-1 [38]. All evalua-
tions are performed using the standard’s 3.5 mm skin-limiting aperture
as defined in the standard [38], ensuring that irradiance or radiant ex-
posure is averaged over a biologically meaningful area. The evaluation
methodology is described in Section 5.1.4, with only the results stated for
subsequent evaluations. The purpose of these assessments to provide an
informed indication of the extent to which the operating conditions fall
below recognised limits, providing evidence of their potential for future
in vivo translation.

2.5 Summary

This chapter has outlined the fundamental principles and methodologies
for FLIm which have been applied in this thesis. The fundamental prin-
ciples of fluorescence and of fluorescence lifetimes were introduced, high-
lighting their sensitivity to the local molecular environment. Key time-
domain measurement techniques have been described, including some
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advantages and limitations in terms of temporal resolution, acquisition
speed, and optical efficiency. Finally, the analytical approaches applied in
this thesis to extract lifetime information have been detailed. Together,
this forms the basis for understanding and interpreting FLIm data in the
context of the experimental work that follows.
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IN VIVO FLIM

CHAPTER 9

As was mentioned in Chapter 1, FLIm has demonstrated significant po-
tential in biomedical diagnostics, particularly in ex vivo tissue analysis,
particularly in ex vivo tissue analysis, where controlled conditions allow
detailed characterisation of endogenous fluorophores [2, 9-11]. These
studies showed that lifetime contrast can reveal biochemical differences
between tissue types, motivating the development of in vivo FLIm sys-
tems to determine whether these contrasts can still be measured under
physiological conditions. However, translating this capability to clinical
settings introduces unique challenges and opportunities. Key challenges
include tissue motion during imaging, restricted access to target sites,
and the need for integration into existing clinical workflows.

A critical consideration is the variation in fluorescence lifetimes mea-
sured in vivo compared to those observed ex vivo, even for nominally
similar tissues [1, 39]. This discrepancy arises from physiological changes
following excision, such as loss of perfusion and oxygenation, altered pH,
and temperature shifts, all of which influence the redox state of fluo-
rophores like NADH and FAD. Additional factors, including differences
in hydration and scattering, further contribute to lifetime shifts. These
variations complicate the direct application of ex vivo calibration data to
in vivo diagnostics and increase the risk of misclassification when diag-
nostic thresholds are derived from ex vivo studies. Consequently, robust
strategies are required to account for these differences, including adap-
tive calibration methods and algorithms capable of handling dynamic
physiological conditions. While these challenges add complexity, they
also present opportunities: lifetime sensitivity to perfusion, metabolism,
and micro-environmental changes may provide clinically valuable insights
that are inaccessible in ez vivo measurements.

This chapter reviews the current state-of-the-art FLIm systems devel-
oped for in vivo applications. The systems are categorised based on their
imaging modalities: free-hand scanning, helical scanning, laser scanning,
and wide-field imaging; their respective advantages, limitations, and clin-
ical relevance are then discussed. The chapter also introduces the use of
single-photon avalanche diode (SPAD) arrays for wide-field FLIm, with
a focus on their potential for miniaturisation and clinical translation.
This review establishes the technological context and motivation for the
development of compact, chip-on-tip FLIm systems.

3.1 State of the art

The efficacy of FLIm with thin ex vivo samples from patients raises the
question of the potential clinical benefits that could be provided by such
measurements performed on bulk tissue in vivo. Because of this, there
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has been much research in the translation of these measurements into
clinical applications, and in particular, the development of systems that
can acquire lifetime information in vivo during surgical procedures. The
systems developed already have opened vast research opportunities to
explore the value of FLT measurements in a wide range of in vivo appli-
cations.

A recent review of FLIm for biomedical applications can be found
in Datta et al. [20], an overview of the clinical translation of FLIm is
found in Alfonso-Garcia et al. [1] and in an earlier article from Marcu [9].
Some illustrative examples are outlined here to inform the motivation
for this thesis. The different FLIm systems are divided into categories
based on how the lifetime image is acquired; free-hand scanning systems
acquire an image by scanning the probe over the sample area (or by scan-
ning a sample stage in some ez vivo examples); helical scanning systems
are rotating point probes which are rotated and retracted at the same
time to image the wall of a vessel; laser scanning probes scan a focussed
excitation laser spot over the sample area to form an image, often us-
ing mirrors mounted on a galvanometer; and wide-field systems image
lifetime information from an entire field of view in parallel. Examples of
each system type from literature are described and some key performance
metrics included for each.

3.1.1 Free-hand scanning

Most existing implementations of in vivo FLIm employ point scanning to
recover lifetime images. In 2014, Yankelevich et al. [40] reported a clini-
cally compatible fibre-optic based multispectral FLT system, a schematic
of this system can be seen in Figure 3.1. The excitation source is a 355 nm
pulsed UV laser while the detection module of the system separates the
emission into four spectral channels; these channels are temporally de-
layed relative to one another using different lengths of optical fibre. This
allows them to be detected with a single multichannel plate (MCP) gated
intensified photomultiplier (PMT). The electronic pulses from the detec-
tor are then sampled using a high-speed digitiser with 125 ps temporal
resolution. This method of directly sampling pulses for lifetime measure-
ments is referred to as pulse-sampling FLIm (PS-FLIm).

A later PS-FLIm system, developed by the same research group, re-
moved the requirement for temporal separation of the spectral channels

BS, BS, BS,  BS,

Bl |
=l |
X-y scan FINS 45 m |

Digitizer Gated
MCP-PMT

Figure 3.1: Reprinted from Yankelevich et al. [40], with the permis-
sion of AIP Publishing. A schematic of a fibre-optic based multispec-
tral FLT system. F1-F4 are optical pass-band filters with center wave-
length /bandwidth: 390,40, 452/45, 542/50, and 629,/53 nm, respectively.
BS1-BS4 are dichroic beam-splitters with >93% transmittance for wave-
lengths longer than 360, 420, 510, and 590 nm, respectively.
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[41]; this was achieved by using three (and later four [42]) avalanche pho-
todetectors, with pulse sampling performed using two 2-channel high-
speed digitisers. Tissue autofluorescence is generated by many different
components with often overlapping spectral emission (such as structural
proteins, porphyrins and lipids) [41]. Therefore, resolving fluorescence
lifetime decays into multiple spectral bands can improve the specificity
of such measurements.

The front end of these systems, in many cases, simply uses a single
optical fibre for both excitation light delivery, and for collection of the
fluorescence emission. The fibre tip is scanned across the sample, often by
hand, to acquire a lifetime image. Developments have been made to allow
these lifetime measurements to be superimposed on a colour image from
a surgical microscope; this is done by tracking the location of a visible
"aiming beam" for co-registration of the lifetime measurement. This
has enabled real-time visualisation of the lifetimes measured at different
locations during surgical procedures as is illustrated in Figure 3.2 [30, 43].

Various iterations of the systems above have facilitated the acquisition
of vast amounts of in vivo and ex vivo FLIm data. In particular, they
have been used to investigate the efficacy of in vivo FLIm for tumour
margin detection in the brain [44-46], the oral cavity [43, 47-49], and in
resected breast tissue [50, 51].

While the systems above relied on pulse sampling with high-speed
digitisers, an alternative approach was demonstrated by a different
research group in Lagarto et al. [52]. Their system also performed
spectrally-resolved lifetime measurements using multiple detectors, but
instead of pulse sampling, it employed a single TCSPC card in combi-
nation with a router to serialise the outputs from three PMTs. This
configuration enabled simultaneous multi-channel TCSPC. The system
was applied in vivo to assess structural and metabolic changes in cardiac
tissue in a rat model of heart failure, achieving high diagnostic accuracy.

Other free-hand FLIm probes include the system presented by La-
garto et al. [53] which uses 375 nm excitation delivered via a multimode
fibre, with emission collected by seven other fibres. The emission is then
filtered into a single spectral channel (470 4+ 14 nm) and recorded using
a hybrid detector and a TCSPC card. This system was demonstrated
on bovine heart and lamb kidney samples with visualisation performed
similarly to the previous example, where the lifetime measurements were
superimposed on a white light image of the sample captured with a USB
camera.

The same research group later replaced the TCSPC module in this
system with a diffraction grating and a single-photon avalanche diode
(SPAD) array, effectively configured as a time-resolved spectrometer [54].
This system was demonstrated for lifetime imaging of porcine articular
cartilage er vivo pre- and post-treatment with bacterial collagenase to
mimic the degradation that occurs in osteoarthritis, finding a decrease
in the fluorescence lifetimes, particularly in regions which had undergone
digestion.

3.1.2 Helical scanning

Free-hand point-scanning FLIm probes, like the ones mentioned above,
have proved effective for applications which allow adequate space for a
probe to be scanned in addition to a colour-imaging modality which can
be used for co-registration of the lifetime measurements. Other fibre-
based FLIm systems have been reported for more space-restrictive appli-
cations.

In Lee et al. [55] a hybrid rotating side-viewing probe uses a com-
bination of FLIm and optical coherence tomography (OCT) to image
intravascular plaques in a rabbit artery in wvivo. The FLIm detection
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Figure 3.2: Adapted with permis-
sion from Marsden et al. [43] (©
2020 Optical Society of America.
(a) A white light image of a sur-
gical field of view during a clini-
cal head and neck surgery. (b) An
overlay of the measured FLT in the
same field of view. Sparse point-
measurements are visualised us-
ing a custom interpolation method
where P is a weighting exponent.
The FLIm fibre probe is integrated
with a da Vinci Si System and de-
ployed using a fibre introducer seen
in the left of the image.
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-
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Figure 3.3: Adapted with permis-
sion from Bec et al. [59] ©) 2024
Optica Publishing Group. The
FLIm-OCT catheter consisting of
a double-clad fibre enclosed in a
500 pm  diameter torque coil, a
fused silica ferrule, and a side-
viewing free-form reflective focus-
ing micro-optic.
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Figure 3.5: Adapted with permis-
sion from Cheng et al. [61] ©
2014 Optical Society of America.
(a) A photograph of the handheld
rigid scanning endoscope. (b) Nor-
malised fluorescence intensity map
and (¢) FLT map of an ez vivo hu-
man oral biopsy imaged with the
rigid endoscope in the >500nm
emission channel. Region 1 in the
FLT map was diagnosed as super-
ficial invasive squamous cell carci-
noma whereas region 2 which was
diagnosed as dysplasia.
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Figure 3.4: Adapted from Li et al. [58] under CC BY 4.0. FLIm-OCT
images from three sections of a human coronary specimen. Pixel bright-
ness corresponds to the OCT backscattered intensity whereas the hue
corresponds to the FLIm averaged lifetime for the 390 nm spectral band.
The OCT penetration depth enables the visualization of the full vessel
wall in healthy regions, including some perivascular adipose tissue. Low
FLT was found to be associated with healthy regions, whereas longer
lifetimes was associated with pathological thickening of the intima and
early plaque formation.

module for this system separates spectral channels temporally, similarly
to the system described above. Side viewing was achieved by splicing a
length of coreless fibre to the tip of a double-clad fibre (DCF) which is
then polished at 41°, reflecting the beam to the side. A ball shape for
light focusing was then formed on the side of the coreless fibre using a
fusion splicer. The catheter is then rotated at up to 100 rotations per
second for helical scanning of the vessel wall, achieving a spatial resolu-
tion of 80 um for the lifetime measurements. The single-mode core of the
DCEF is used to perform OCT while the inner cladding is used for FLIm.

Bec et al. [56] have reported a free-form reflective focusing micro-
optical element for side viewing fibre probes. The use of reflective optics
can reduce chromatic aberrations, which is important for in vivo FLIm
considering the broad autofluorescence emission spectrum. This micro-
optical element has since been applied for intraluminal lifetime imaging
of ex vivo murine colon samples [57]; for combined FLIm and OCT in an
ex vivo human artery specimen [58]; and later for FLIm and polarization-
sensitive OCT in vivo in a swine heart [59]. The side-viewing fibre probe
assembly can be seen in Figure 3.3. A fluorescence excitation spot size
of 50 um was reported by Li et al. [58] using the free-form focusing optic;
example FLIm-OCT images acquired with the system can be seen in
Figure 3.4.

3.1.3 Laser scanning

The systems already described require mechanical motion at the distal
end of the probe. For the free-hand examples the fibre tip is scanned
across the sample area, and for the side-viewing catheter systems the
tip of the catheter is rotated at high speeds. Other systems have been
reported in which a focused excitation laser spot is scanned across the
sample using mirrors to acquire a lifetime image. An early PS-FLIm
system used galvanometer-mounted mirrors at the back focal plane of
a microscope objective to image a cancerous legion in a hamster cheek
pouch in vivo [60]. The same research group later reported a more com-
pact, handheld, rigid probe with a similar imaging approach which can
be seen in Figure 3.5 [61]. This consisted of a handheld box (dimensions:
7cmx 13 cm x5 cm, mass: 450 g) attached to a rigid scope (length: 14 cm,
diameter: 1.7cm). The capability of this system was initially demon-
strated in vivo in a hamster cheek pouch and on er vivo human oral
cancer samples. This same system was later applied for discrimination
of cancerous tissue in vivo in the oral cavity [62].
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The same research group also developed a digitally modulated fre-
quency domain FLIm (FD-FLIm) platform capable of simultaneous ul-
traviolet and visible excitation (375 nm and 445 nm), multispectral detec-
tion, and real-time FPGA-based phase and modulation processing [63].
The system supports sub-nanosecond to nanosecond lifetime estimation
and was validated through in vivo FLIm of human skin and oral mucosa.
Building on this engine, the same group implemented a rigid, handheld
endoscope that integrates the FD-FLIm approach for imaging of the
oral mucosa [64]. In that endoscopic implementation, the average op-
tical power at the distal tip was on the order of 1mW per excitation
wavelength, and a 140 x 140 pixel image was typically acquired in ~1.6s
at a pixel rate of 12.5kHz. Together, these works demonstrate that
frequency-domain architectures offer promising routes toward simplified,
low-cost, and clinically translatable FLIm instrumentation, complement-
ing the time-domain systems reviewed in this chapter.

For applications where smaller, flexible scopes are required, several
fibre-bundle based scanning FLIm endomicroscopes have been reported;
these systems use coherent fibre bundles for excitation light delivery and
fluorescence emission collection with an imaging lens often mounted at
the distal end of the probe. The excitation laser is scanned over the
proximal end of the fibre bundle, thereby scanning the location of the
focused laser spot at the distal end across the field of view. A schematic
of a fibre-bundle based scanning FLIm endomicroscope can be seen in
Figure 3.6.

Kennedy et al. [66] adapted a commercially available endomicroscope,
which was already licensed for clinical use in the gastrointestinal (GI)
tract and for bronchoscopy. The probe used a coherent fibre bundle
consisting of 30,000 single-mode fibres, achieving a lateral resolution of
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Figure 3.6: Reprinted from Sparks et al. [65] under CC BY 4.0. A
schematic of the confocal FLIm endomicroscope system. A Ti:Sapphire
laser operating at 80 MHz is frequency-doubled to generate excitation
light at 488 nm. Two scanning mirrors scan the focused excitation beam,
sequentially exciting the approximately 30,000 individual cores in a co-
herent fibre bundle. At the distal tip of the probe, a mini-objective lens
focuses the excitation light onto a scanning spot on the sample plane.
The same lens images the fluorescence signal from the sample back onto
the same core of the fibre bundle. At the proximal end, the fluorescence
signal is descanned and focused onto a confocal aperture in front of a
PMT, with photon arrival times recorded via a TCSPC card.
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Figure 3.7: Adapted with permis-
sion from Lin et al. [72] © 2022
Optica Publishing Group. Two-
photon fluorescence intensity and
TP-FLIM images from the intes-
tine of an anaesthetised mouse at
45 pm depth captured with the fi-
bre bundle TP-FLIM microendo-
scope. The profiles plot the inten-
sity and lifetime values along the
red lines in the two images.
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1.4pm and a field of view of 240 pm. Crucially, the probe had an external
diameter of 2.6 mm, meaning it could be deployed using any endoscope
with a working channel of at least 2.8 mm in diameter. 488 nm excitation
was provided by a modelocked frequency-doubled Ti:Sapphire laser with
a PMT and a TCSPC card used for detection. The system capability was
demonstrated by imaging fixed COS-7 cells expressing green fluorescent
protein with acquisition times down to almost 1s. This system was later
applied to quantify drug-target engagement in vivo in a mouse model of
peritoneal metastasis of ovarian cancer, with an effective acquisition time
of 10s per lifetime image [65].

Pedretti et al. [67] developed a fibre-bundle based system which per-
formed imaging in contact with the sample, thereby not requiring an
objective at the distal end of the fibre-bundle. This system used a
32 x 32 SPAD array with TCSPC capability for time-resolved detec-
tion [68]. Dual-wavelength excitation at 480 and 640 nm was performed
using two synchronised pulsed laser diodes driven at a 20 MHz repetition
rate with a 25 ns delay between them. This enabled simultaneous lifetime
measurements at the two different wavelengths. The system capability
was demonstrated by lifetime imaging of ex vivo human lung tissue plus
E.coli labelled with a fluorescent SmartProbe. Imaging was performed
a rate of up to 1 Hz, imaging a circular area with a diameter of approx-
imately 600 um with resolution determined by the fibre core spacing of
around 5 pm [69].

Another scanning fibre-bundle FLIm system using in-contact imaging
was recently applied for label-free cancer detection in ez vivo human lung
samples [70]. This system used a 488 nm excitation source and a 512
SPAD line array sensor capable of on-chip TCSPC and histogramming
in each SPAD. The detector has previously been used in a bench-top
full-spectral FLIM system [71]; for the endomicroscope, photon counts
were binned into two spectral channels (500—580 and 610-760 nm) to
increase signal-to-noise ratio and increase acquisition speed. The system
was used to image ez vivo human lung tissue samples from cancerous and
adjacent non-cancerous regions at a frame rate of 3 Hz. They found that
the FLT in the 500—580 nm spectral channel was significantly reduced
in the cancerous samples, allowing label-free differentiation between the
sample types with a sensitivity of 81.0% and specificity of 71.4%.

A fibre bundle system for in vivo two-photon FLIM (TP-FLIM) has
also been reported by Lin et al. [72] with a 1.4 mm miniature objective
mounted at the distal end of the fibre bundle. An 80 MHz femtosecond
laser tuned to 840 nm was used for excitation and fluorescence was de-
tected with a PMT and TCSPC module. The field of view had a diameter
of approximately 390 pm and a lateral resolution of 1.55 uym. The system
was used for in vivo TP-FLIM of the intestine of an anaesthetised mouse
following injection of a squaraine dye that binds serum albumin and ex-
hibits strong two-photon absorption. A Z-stack of images from 0pm to
130 pm was acquired by changing the distance between the tissue sur-
face and the mini objective, with each image acquired in under 4s. The
resulting lifetime maps showed strong contrast between blood vessels
and surrounding connective tissue (Figure 3.7), attributed to different
dye-binding states in the respective tissue types. The optical sectioning
of TP-FLIM arises from the nonlinear nature of two-photon excitation:
fluorescence is generated only at the focal point where photon density
is highest, resulting in a very small excitation volume and eliminating
out-of-focus background without the need for a pinhole [72, 73]. This
provides sub-micron lateral resolution and excellent axial confinement

Another TP-FLIM endomicroscope reported in the literature employs
resonant fibre scanning. In this design, the tip of a double-clad fibre
(DCF) is driven in a spiral pattern by a piezoelectric actuator positioned
behind a miniature objective that focuses the excitation spot onto the
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sample [73]. Femtosecond 730 nm pulses from a Ti:sapphire laser are de-
livered through the single-mode core, while fluorescence is collected by
the objective and coupled into the DCF’s inner cladding. The probe tip
has a diameter of approximately 2 mm, with all mechanical scanning con-
fined within the probe head behind the objective (Figure 3.8). Emission
is filtered to isolate autofluorescence from NADH in the 417 nm to 477 nm
band and detected with a PMT-TCSPC system. This endomicroscope
was demonstrated in vivo in mice to monitor NADH lifetime changes
during renal ischaemia-reperfusion and to map metabolic alterations in
subcutaneous tumour cells following induced apoptosis. It achieved a
spatial resolution of ~0.7 pm over a ~100 pm to ~130 pm field of view.
Although capable of a 2 Hz frame rate, ten frames were averaged for in
viwo imaging to improve signal, with motion correction applied to com-
pensate for respiration-induced movement.

Beyond fibre-based probes, multiphoton FLIM has also been used
for high-resolution metabolic imaging with benchtop systems, as demon-
strated by Skala et al. [74] for in vivo imaging of hamster cheek pouch
epithelium. In the clinical domain, JenLab’s CE-certified multiphoton to-
mographs, Dermalnspect® and MPTex®, have enabled in vivo FLIM
of human skin for dermatological and cosmetic research [75, 76]. These
platforms provide label-free structural and metabolic contrast using in-
tegrated TCSPC-based FLIM. However, their reliance on high-power
pulsed lasers, complex scanning optics, and precise alignment increases
system cost and limits portability, highlighting the trade-off between clin-
ical capability and engineering complexity.

3.1.4 Wide-field

Wide-field FLIm has the benefit of capturing lifetime information from
the entire field of view (FoV) at the same time, reducing motion arte-
facts and potentially increasing system throughput and effective pixel
rate [17]. Wide-field in vivo FLIm has been demonstrated with probes
using a gradient index (GRIN) lens to image onto a fibre bundle at the
distal end of the probe, and a gated intensified charge-coupled device
(ICCD) camera for detection at the proximal end. Despite these advan-
tages, wide-field FLIm inherently lacks optical sectioning. As a result,
fluorescence from out-of-focus planes contributes to the detected signal,
which can reduce spatial resolution, blur fine structural features, and
lead to lifetimes that represent depth-averaged values rather than the
local biochemical environment. This makes it difficult to isolate signals
from thin epithelial layers, weakly fluorescent lesions, or small subsur-
face structures; these limitations can become significant for diagnostic
applications where depth specificity is important.

In 2009 Sun et al. [77] reported a wide-field FLIm system with this
configuration, itself an improvement on a previously published prototype
[78]. The system delivered 337 nm excitation pulses via a multimode fibre
positioned adjacent to a 0.5 mm diameter imaging lens cemented onto a
fibre bundle with 10,000 individual fibres. Emission was filtered at the
proximal end of the fibre bundle using a bandpass filter centred at 450 nm
to target NADH autofluorescence. The system had a field of view with a
diameter of 4mm and a spatial resolution of 35 pm. Typical acquisition
time for tissue measurements was 120s. The system was validated by in
vivo imaging of cancerous lesions in a hamster cheek with; the cancerous
tissue was found to have a shorter lifetime than the surrounding normal
tissue. The same system was later used in human patients to explore
FLIm-based intraoperative diagnosis of glioblastoma multiforme (GBM)
[79] and head and neck squamous cell carcinoma (HNSCC) [80]. GBM
was found to have weaker florescence intensity and a longer lifetime than
normal cortex tissue while HNSCC also had a weaker florescence intensity
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Figure 3.8: Adapted from Liang
et al. [73] with permission.
© 2022 American Chemical
Society. Schematic of the
resonant-scanning TP-FLIM
endomicroscope head design. The
tip of a DCF is driven in a spiral
pattern by a piezoelectric actuator
behind a objective
which focusses the excitation
light and collects the two-photon
fluorescent emission.
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Figure 3.10: Adapted from Sparks
et al. [81] under CC BY 4.0. A
white light image (top) and a life-
time image (bottom) of the same
location on a diseased human lar-

ynx sample, captured ex vivo with
the wide-field fibre-bundle FLIm
endoscope.
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Figure 3.9: Reprinted from Sun et al. [80] with permission from Oxford
University Press. (a) A schematic of the wide-field in vivo FLIm system
for intraoperative diagnosis of oral carcinoma. (b) Picture of the semi-
flexible integrated endoscope used in patient studies. (c¢) Picture of the
FLIm probe during in vivo imaging of the oral cavity.

but a shorter lifetime when compared to surrounding normal tissue. A
schematic of this system and a photograph of it being applied in vivo
for oral cavity imaging can be seen in Figure 3.9. The tip of the probe
used in Sun et al. [80] was packaged in a stainless steel rigid tip with a
diameter of 2.4mm, while the outer probe diameter is not specified in
the other applications.

In Sparks et al. [81] a wide-field FLIm endoscope with an external
diameter of ~2.3mm is presented. This system used 440 nm excitation
with fluorescence emission with wavelength >488 nm detected. The sys-
tem was validated on ex vivo human larynx samples imaged immediately
following resection with an acquisition time of 8s. An example of images
captured with the system is presented in Figure 3.10. Measurements
were also demonstrated with a higher power laser used on ez vivo nor-
mal and neoplastic mouse bowel samples to image at 2.5 Hz. Neoplastic
bowel samples were observed to have a longer lifetime than the normal
samples.

Cheng et al. [82] have reported another wide-field FLIm endoscope
system, this time with excitation delivered in-line with collection through
the imaging fibre bundle. The emitted fluorescence signal was then split
into three spectral channels and imaged onto different regions of the
ICCD detector, enabling the three channels to be imaged in parallel. The
system had a field of view of 2.25 mm in diameter and an estimated spatial
resolution of ~35pum. An imaging speed of 2Hz was achieved by only
acquiring counts for two gates and using a rapid lifetime determination
(RLD) algorithm for lifetime estimation. In vivo system validation was
again performed on a lesion diagnosed by histopathology as dysplasia in
a hamster cheek. They found that the lesion had a longer lifetime than
the surrounding tissue in the 450 nm spectral channel, in agreement with
the example mentioned above from Sun et al. [77].
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3.2 SPAD arrays for wide-field FLIm

Single-photon avalanche diodes (SPADs), as their name suggests, have
excellent single-photon detection and time-stamping capability. Com-
mercially, they are most commonly available in the form of silicon photo-
multipliers (SiPMs), arrays of individual SPADs which are read in parallel
to increase dynamic range. In research, their use has been explored for a
range of biophotonics applications including FLIm, super-resolution mi-
croscopy and time-resolved Raman spectroscopy [15]. The use of SPAD
cameras for wide-field FLIm has previously been demonstrated using a
0.5 MP time-gated SPAD camera [83] and there are now commercially
available SPAD cameras with FLIm capability.

In 2014 Burri et al. [84] presented a gated 512 x 128 SPAD image
sensor termed SwissSPAD, demonstrating FLT measurements of various
fluorescent dyes. Since then, the SwissSSPAD2 (with 512 x 512 pixels) [85]
and SwissSPAD3 (with 500 x 500 pixels) [86] have been applied in bench-
top systems for macro-FLIm of fluorescent dyes in well plates [87, 88]
and for in vivo FLIm-FRET to study target-drug engagement in tumour
xenografts in mice [88]. A successor to these cameras is now commercially
available as the SPAD5122 from Pi Imaging Technology [89]; this camera
has 512 x 512 pixels each with an active area of 6 pm x 6 pm, though
has the option to add microlenses with a quoted efficiency of 50 % with
collimated light. The SPAD5122 uses a sliding time gate to perform
lifetime measurements with a minimum gate width of 6 ns and a minimum
step size of ~17ps, and has been shown capable of wide-field FLIm of
cells stained with Alexa Fluor 546 and 555 dyes with an acquisition time
of 0.27s using 0.4 mW of 532 nm excitation in the field of view [16].

SPAD cameras with in-pixel TCSPC capability have also been devel-
oped. In 2019 Henderson et al. [90] reported a 192 x 128 TCSPC SPAD
image sensor with a 33 ps temporal resolution. The camera’s capabilities
have been demonstrated through light-sheet FLIM of algae samples with
only 180nW of laser power irradiating the visible part of the sample and
an acquisition time of ~1s per image [91]. The camera has since been
commercialised and is available from HORIBA as FLIMera [92]. The
sensor has a fill-factor of 13% and each 18.4 pm x 9.2 pm pixel contains
it’s own TDC which sorts photon arrival times into up to 4096 time bins
of 50 ps. This commercially available SPAD camera has also been ap-
plied for light-sheet FLIM, this time in vivo in a zebra fish tail (as seen
in Figure 3.11) and to monitor changes in NAD(P)H lifetimes in PANC-1
cells following cyanide treatment [17].

The vTau camera from Lambert Instruments is a SPAD-powered,
frequency-domain FLIm camera designed for high-speed wide-field imag-
ing. It delivers up to 100 lifetime images per second with a 512 x 512
pixel format (16 pm pixel pitch). The specified lifetime operating range
spans approximately 0.2 ns to 300 ns, enabled by an ultra-high-sensitivity
SPAD detector with microlens enhancement for improved light collection
[93]. The commercial availability of SPAD cameras for wide-field FLIm
demonstrates their potential in this area. However, the detectors de-
scribed above are designed for use with bench-top microscopes and are
therefore too large for endoscopic applications.

As an aside, although not SPAD-based, the pco.flim X (Excelitas)
illustrates the continued potential of modulated CMOS sensors for FD-
FLIm and their possible future relevance to miniaturised wide-field in-
strumentation. The camera employs a rapidly modulatable CMOS sen-
sor with two readout taps per pixel and provides 1008 x 1008 pixels at
up to 45 double images per second. It supports lifetime measurements
from 1ns to 100ps. Thermoelectric cooling is used to reduce the read-
out noise to below 15¢~ and extends usable exposure times to 4s [94].
These active cooling requirements would pose a substantial engineering

lifetime (ns)

Figure 3.11: Adapted from Samimi
et al. [17] under CC BY 4.0. Wide-
field light-sheet mean lifetime im-
age of a zebrafish caudal fin wound
model n vivo. Captured using
375 nm excitation at 0.4 mW aver-
age power and the FLIMera SPAD
camera with 10s integration time.
The transection wound is indicated
but the yellow dashed line) and the
tip of the notochord (the midline
structure in the zebrafish tail) by
the red dashed box.
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challenge for chip-on-tip miniaturisation, where distal heat dissipation,
available volume, sterilisable packaging, and power budgets are all tightly
constrained.

The miniaturisation of SPAD arrays makes their application for a
chip-on-tip FLIm endoscope feasible. Such detectors can be fabricated
with standard CMOS processes, meaning they could be, in principle,
fabricated at scale at a similar cost to microcamera chips currently used
in disposable white light endoscopes. In fact, low-cost SPAD detectors for
LiDAR applications are already widely available; with sufficient market
demand, SPAD imagers could follow a similar trend. A miniaturised
128 x 120 SPAD array with time-gated photon counting and dimensions
of 1.4mm X 1.4mm was presented by Erdogan et al. [18]. This SPAD
array, named EndoCam, is described in more detail in Chapter 4. The
integration and application of this detector in a bench-top system, a
hand-held system, and finally in a chip-on-tip FLIm micro-camera are
described in Chapters 5 and 6.

3.3 Discussion

The literature reviewed here demonstrates both the potential and com-
plexity of translating FLIm to in vivo use. A consistent observation
across studies is that lifetimes measured in vivo differ from those ob-
tained ex wvivo for nominally similar tissues due to rapid physiological
changes such as loss of perfusion, altered oxygenation and pH, tempera-
ture shifts, and differences in hydration. While this limits direct transfer
of ex vivo calibration data, it also highlights that fluorescence lifetime is
intrinsically sensitive to metabolic and micro-environmental conditions,
offering contrast mechanisms that complement those of intensity-based
imaging [1, 39].

Across the existing imaging modalities, clear and consistent trade-offs
emerge. Free-hand point-scanning systems offer flexibility and have gen-
erated substantial clinical datasets [43, 44], but their acquisition speed
is inherently slow, and they are poorly suited to confined or restricted
spaces. Helical scanning probes address certain access constraints by
enabling circumferential imaging in tight spaces [55], yet their rotating
mechanics add complexity and limit compatibility to specific applica-
tions such as vascular imaging. Laser-scanning approaches deliver higher
spatial precision [60, 61], but require mechanical motion, careful optical
alignment, and image reconstruction, all of which increase system over-
head and reduce robustness. Wide-field FLIm mitigates motion artefacts
by capturing an entire field of view simultaneously 77, 81], but its lack
of optical sectioning imposes limits on resolution; additional challenges
include significant photon loss through fibre bundles and reliance on ex-
pensive, bulky intensified cameras. Together, these modality-specific lim-
itations emphasise the need for wide-field, mechanically simple, minia-
turised architectures capable of maintaining useful biochemical contrast
in clinically constrained environments.

Recent developments in SPAD arrays suggest a practical route
to miniaturised wide-field FLIm. Commercial bench-top SPAD cam-
eras demonstrate strong performance but are too large for endoscopic
use [16, 85, 86, 90], whereas miniaturised arrays such as the EndoCam [18]
enable chip-on-tip architectures that also avoid fibre-bundle autofluores-
cence, dispersion, and signal attenuation. Fabrication in standard CMOS
makes SPAD arrays uniquely suited to mass production, aligning with
the broader clinical trend toward chip-on-tip architectures already es-
tablished in white-light endoscopy, where CMOS miniaturisation has en-
abled low-cost, single-use devices. This raises the prospect of scalable,
potentially disposable FLIm devices compatible with clinical workflows
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It is important to recognise that current miniaturised SPAD imagers
still involve engineering compromises. Fill factor, photon detection effi-
ciency, and temporal precision remain below the levels achievable with
larger gated-intensified or TCSPC systems. These limitations highlight
areas for continued development, and it is reasonable to expect further
improvements in noise performance, timing jitter, microlens integration,
and per-pixel processing in line with broader advances in CMOS detector
technology.

Looking ahead, a natural extension of this trajectory is the possi-
bility of chip-on-tip frequency-domain FLIm using miniaturised, modu-
lated CMOS detectors. Frequency-domain lifetime estimation requires
only phase and modulation measurements, reducing data bandwidth and
simplifying on-sensor electronics. Although no endoscope-scale FD-FLIm
detectors are currently available, ongoing progress in compact, high-speed
CMOS imaging sensors indicates that chip-integrated FD-FLIm may be-
come feasible in the future [63, 64]. Such devices would complement
time-domain SPAD approaches and could enable real-time lifetime imag-
ing in constrained clinical environments.

Together, these considerations reinforce the motivation for the work
that follows: to evaluate whether miniaturised SPAD arrays can provide
a clinically compatible path toward wide-field, chip-on-tip FLIm, and
to explore how current performance aligns with the long-term vision of
scalable, integrated lifetime imaging systems.

3.4 Summary

In this chapter, a review of the current state-of-the-art in in vivo FLIm
systems has been presented, categorizing them by imaging modality and
highlighting their respective advantages, limitations, and clinical rele-
vance. The diversity of systems explored reflects the breadth of innova-
tion in the field, while also underscoring persistent challenges in minia-
turisation, acquisition speed, and clinical integration.

Building on this, common trade-offs across existing approaches have
been discussed and the broader technological trend toward compact,
chip-on-tip architectures. Within this context, the chapter also intro-
duced the technological development of SPAD detectors, with a focus
on their potential to overcome these limitations in wide-field FLIm. In
particular, the emergence of miniaturised SPAD arrays, such as the En-
doCam, offers a promising route toward compact, time-resolved imaging
systems suitable for endoscopic deployment.

The following chapters detail the instrumentation and system archi-
tectures developed to evaluate the EndoCam’s capability to address the
unmet needs identified in current in vivo FLIm technologies.
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INSTRUMENTATION

CHAPTER 4

In this chapter the main instrumentation applied for the thesis is de-
scribed. First, the EndoCam, the miniaturised SPAD array for wide-
field FLIm, is covered. The physical dimensions of the chip are described
as well as the modes of operation. The laser sources used throughout
the thesis are then listed and briefly described. Then the modular sys-
tem configuration developed for operation of the EndoCam integrated
into different imaging systems and with the different laser sources is ex-
plained. Finally, the in-house TCSPC system for bulk measurement of
sample lifetimes is described.

4.1 The EndoCam

The EndoCam is the product of the Proteus Project funded by the
Engineering and Physical Sciences Research Council (grant number
EP/R005257/1). Proteus was a cross-disciplinary project spread across
multiple universities, with the primary aim of advancing technology for
the diagnosis of pulmonary diseases [95]. As part of this project, Dr Tarek
Al Abbas (then a PhD student at the University of Edinburgh) devel-
oped a compact time-resolved SPAD image sensor capable of wide-field
fluorescence lifetime imaging, named the EndoCam [96, 97].

Aside from the work presented in this thesis, the EndoCam has been
used for FLIm of biological samples in bench-top [18] as well as handheld
systems [98], and used for FLIm based explosive detection [7]. A hand-
held system (23mm x 23mm x 28 mm) incorporating the detector has
also been used for combined lifetime and distance measurements (FLIm-
DAR) [99].

The physical layout of the sensor, its key characteristics, and main
modes of operation are described here. A more comprehensive description
of the detector can be found in the PhD thesis of Dr Al Abbas [96], in
the conference proceeding where it was first presented [97], and in the
journal article from Erdogan et al. [18].

4.1.1 Overview

The EndoCam was designed with a footprint of 1.4mm x 1.4mm and
has 128 x 120 pixels. Each pixel has an individual SPAD with indepen-
dent time-resolved photon-counting circuitry. The chip is implemented in
an STMicroelectronics 3-D-stacked CMOS (complementary metal-oxide-
semiconductor) process and has an 8 pm pixel pitch, giving an active
area of ~1mm X 1mm. The layout of the top tier of the EndoCam is
presented in Figure 4.1.

The chip has many pads along two edges of the top surface but many
of these are for test purposes. For normal operation, only five electronic
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Figure 4.2: A microscope image of
the EndoCam chip showing the ex-
tra silicon region in the bottom.
This led to the chip having a phys-
ical footprint of 1.4 mm x 2.0 mm.
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Figure 4.1: A schematic of the top layer of the EndoCam chip design. As
can be seen, there are many pads along two edges of the chip but only
five are required for operation: VHV, VDD, GND, DATA, and CLK.

connections are required; 1) the SPAD bias voltage (VHV), 2) 2.8V
power supply (VDD), 3) Ground (GND), 4) a bidirectional data signal,
and 5) a clock signal. Electronic connections are made to each of these
pads with wire bonds. Unless stated otherwise, VHV was set at 17.5V.
The clock frequency for all work presented in this thesis was 20 MHz.
The EndoCam is controlled using a MATLAB graphical user interface
(GUI) initially developed by Dr Andrew Matheson from The University
of Edinburgh and further modified by myself.

Although the EndoCam was designed to have a functional footprint
of 1.4mm X 1.4 mm, unfortunately the physical devices after dicing are
approximately 1.4mm X 2.0mm. A microscope image of the chip with
the extra dead space can be seen in Figure 4.2. This is due to layout
and dicing constraints as the chip was fabricated on a wafer shard with
multiple other projects.

The detector also has a defective pixel region in one corner. This de-
fect is caused by a race condition between the read and reset signals for
these pixels and has previously been reported in Al Abbas [96] and Er-
dogan et al. [18]. Nevertheless, the vast majority of the detector area re-
mains useable. In spite of these two drawbacks, the EndoCam represents
a significant step forward in the miniaturisation of time-resolved image
sensors and is still suitable for application in proof-of-concept minia-
turised wide-field FLIm systems.

4.1.2 Time-gating implementation

Time-resolved photon counting is achieved in the EndoCam through
time-gating the on-pixel counting electronics. When a photon is ab-
sorbed in the active region of the SPAD it creates a rapid voltage pulse.
Following this, the SPAD is passively quenched; until this process is com-
plete, it is unable to detect more photons. The time taken for quenching
is the pixel dead-time, this is ~3.5ns for the EndoCam [18§].

When a photon is detected, the voltage pulse generated by the SPAD
is digitised and sent to a counter. Each pixel has independent counting
circuitry which is rapidly enabled and disabled using a reference clock
generated on-chip by a ring oscillator (RO). The period during which the
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counting circuitry is enabled therefore defines the time gate. The width
and position of each time gate are in multiples of the RO period, and can
be controlled through the GUI by the user. For the EndoCam, the RO
period is in the range of 370 ps to 390 ps'. The number of laser cycles
integrated for each gate is also set via the GUI to effectively control the
exposure time. For a single time gate, photon counts are summed on-chip
with 14-bit depth.

In order to perform a gate sweep and recover a fluorescence decay,
multiple cycles of programming and readout from the chip are required.
For each gate in a sweep, the time gate position and width are pro-
grammed, the measurement is performed, and then the data is read out.
This means the acquisition time scales linearly with the number of gates
acquired.

It is important to stress that the SPADs on the EndoCam operate
in free-running mode, meaning they are constantly active, even if the
counting circuitry is disabled. This is in contrast to other time-gating
techniques where the detector itself is only active during the time gate.
In order to make this distinction clearer, the term time-gated photon
counting is preferred when describing the EndoCam operation.

4.2 Modular FLIm system

A modular system configuration was implemented for operation of the
EndoCam. The system is considered modular in the sense that the laser
source and the optical imaging subsystem could be changed in a relatively
straightforward manner. This allowed operation and evaluation of mul-
tiple imaging system designs using the EndoCam with interchangeable
light sources.

The evaluation of multiple imaging systems was important as the de-
velopment of such systems for different applications is a primary activity
for this thesis. The laser sources used for the work in this thesis are
shared across more than one project within the research group, therefore
easy interchangeability of these laser sources was a necessity. Aside from
this, it was also beneficial for the laser source to be interchangeable to
allow the use of different excitation wavelengths depending on the sample
of interest.

A schematic of the modular system is presented in Figure 4.3. The
system design and functionality is described in the following sections.

4.2.1 Computer — EndoCam interface

As mentioned previously, the EndoCam is controlled using a custom
MATLAB GUT,; this is done via a field programmable gate array (FPGA)
module connected to a custom motherboard provided by our collabora-
tors at the University of Edinburgh. Over the course of the project,
two FPGA modules were used, the Opal Kelly XEM6310 and later the
Opal Kelly XEM7310-A200. The firmware for EndoCam operation with
both FPGA modules was developed by Dr Ahmet T. Erdogan based at
the University of Edinburgh. In terms of the high-level operation of the
EndoCam, these two modules provide the same functionality.

The FPGA module is connected to the EndoCam via the motherboard
providing the five electronic connections required for operation listed in
section 4.1.1, and connected to the MATLAB GUI via USB. The FPGA
module thereby provides an interface between the EndoCam and the rest
of the system. The voltage for the VHV connection is supplied to the
motherboard by an external power supply while the 2.8V for the VDD
connection is generated on the motherboard.

ISee Section 4.2.3 for the time-bin calibration method applied.
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Figure 4.3: Block diagram of the modular FLIm system developed for use
with the EndoCam. The system architecture enables flexible integration
of different laser sources and optical imaging subsystems, allowing rapid
reconfiguration for a variety of experimental setups. This modularity
supports the evaluation of multiple imaging platforms using the same core
components, facilitating efficient testing and development across bench-
top and miniaturised FLIm systems.

In the original system setup, the EndoCam is packaged into a ceramic
chip carrier which is then plugged directly into a socket on the mother-
board. A photograph of this arrangement can be seen in Figure 4.4. For
bench-top systems it would be possible to maintain this configuration
and construct the system optics around the motherboard. For transla-
tion to handheld systems or smaller, it is instead required to operate the
chip at the end of a cable. In addition, there were only two motherboards
available, so being able to operate even bench-top imaging systems over
a short length of cable would mean the same board could be used for
different systems and very easily changed over. Different strategies for
this have been implemented for the different imaging systems; details of
this as well as the challenges faced are covered in Chapters 5 and 6.

4.2.2 Laser — EndoCam synchronisation

For time domain measurements, the detection system used must be syn-
chronised with the excitation light pulses. With the EndoCam, this is
achieved by synchronising the system clock for the FPGA module and
chip with the laser source, using the laser clock as a master. Therefore,
the laser repetition rate and the EndoCam clock frequency are the same.

Three different pulsed laser sources were used for the work in this the-
sis: a 375nm pulsed laser diode (LDH-D-C-375, PicoQuant), a 405 nm
pulsed laser diode (BDL-405-SMN-F, Becker&Hickl), and a pulsed super-
continuum laser (SuperK FIANIUM FIR-20 PP, NKT Photonics). All
three sources have a pulse width of <100 ps. The supercontinuum laser
was used in combination with a monochromator as described in [100], de-
signed and constructed by Dr Sanathana Konugolu Venkata Sekar. These
three sources enabled pulsed excitation at different wavelengths and the
supercontinuum source was also applied for measurement of the system
response to a short pulse of light in the fluorescence emission wavelength
range in Paper III.
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Figure 4.4: The motherboard and FPGA module used for EndoCam
operation. In this configuration the EndoCam is packaged into a ceramic
chip carrier and plugged directly into a socket on the motherboard. For
the imaging systems described in Chapters 5 and 6, the chip is instead
connected over a cable.

All three laser sources provide a similar NIM (nuclear instrumentation
module) sync signal which is used for synchronisation with the EndoCam.
Before connection to the motherboard, the NIM signal is converted to a
TTL (transistor-transistor logic) signal using a picosecond delayer (Micro
Photon Devices). The picosecond delayer also allows an adjustable delay
to be added, which enables tuning of the laser pulse arrival time relative
to the system clock. This feature was particularly useful, as different
iterations of imaging systems employed different lengths of electronic
cable and optical fibre, as well as different optical paths.

For earlier versions of the system, a pulse generator (8112A, Hewlett
Packard) was used in place of the picosecond delayer, serving the same
purpose and in practice providing equivalent functionality. This was the
case for the work carried out for Paper I and Paper II.

4.2.3 Time-bin calibration

As mentioned in Section 4.1.2, the minimum time-bin width on the En-
doCam is in the range of 370 ps to 390 ps, as determined by the ring
oscillator (RO) period. It is stated as 390 ps in Erdogan et al. [18] and
Al Abbas et al. [97], 379 ps in Matheson et al. [98], and 370 ps in Al Abbas
[96]. This fluctuation may be due to minute variations in the fabrication
process or may arise from some other cause. An investigation into the
factors influencing this is beyond the scope of this thesis. However, it
is still important that the minimum bin-width is calibrated to maintain
the accuracy of the time-resolved measurements.

This calibration can be performed for a given system by measuring a
short pulse of light with the EndoCam, delaying the pulse by a known
amount of time, then measuring it again. The EndoCam time-bin width
Atgc can then be calculated from equation 4.1,

At o tshift
EC — 7 (41)

11— 1
where tgp; 7+ is the known time the laser pulse is shifted by, and i and 7,
are the time-bin indices with the highest photon counts in each measure-
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Figure 4.5: A short pulse of light
from the SuperK laser source mea-
sured with the EndoCam (pixel
x = 34, y = 71) before and after
being delayed by 30ns using the
picosecond delayer. The number
of time-bins shifted can be used to
calibrate the bin width of the sys-
tem.

38

ment. This known time shift can be achieved optically, by using different
lengths of fibre or some other method to increase the optical path. For
the work in this thesis this has instead been done electronically, by chang-
ing the delay between the laser sync and the EndoCam clock using the
picosecond delayer or the pulse generator.

An example of this calibration measurement from an individual pixel
is shown in Figure 4.5. A short pulse of light from the pulsed super-
continuum laser is measured with the system. The pulse is then shifted
by 30ns and measured again. The time-bin shift for the pixel shown in
Figure 4.5 was i; — ig = 80, corresponding to a time-bin width of 375 ps
using equation 4.1. As the time-bins for all pixels are controlled by the
same RO, the mean bin width across all pixels is calculated and taken
as the global value across the detector. For the measurement in this
example that yields a time-bin width Atgc of 370 ps.

4.3 TCSPC system for bulk lifetime measurements

As part of the evaluation of different imaging systems constructed using
the EndoCam and incorporated into the modular setup described above,
there was a need for a reliable lifetime measurement system against which
the imaging systems can be benchmarked. Within the last year of the
project, access to a confocal FLIM system in Dublin City University
was possible, but comparable measurements of the same samples with
imaging systems in different cities is time-consuming and impractical?.
There were also no pre-existing systems in the lab for this purpose.

In order to meet this requirement, a TCSPC-based system for bulk
lifetime measurements was designed and assembled. This system uses
a hybrid photomultiplier detector (PMA Hybrid 50, PicoQuant) and a
PicoHarp 300 TCSPC module (PicoQuant). In principle, any of the three
pulsed lasers mentioned in Section 4.2.2 can be used for excitation but,
for all the measurements described in this thesis, only the 405 nm pulsed
laser diode is used. The system was operated at a laser repetition rate of
20 MHz with a photon count rate of <200kHz. This ensured operation
within the single-photon regime and avoided pile-up effects, as discussed
in Chapter 2.

A schematic of the system is presented in Figure 4.6. The optome-
chanical design of the system is based around a cuvette holder with four
light ports (CVH100/M, Thorlabs). The system can be used for mea-
surement of liquid samples in a 25 mm X 25 mm quartz glass cuvette or of
planar samples (provided they are narrow enough) placed at a 45° angle.

Light from the laser is coupled into an optical fibre. The other end of
the fibre is connected to a fibre collimator (F950FC-A, Thorlabs) gener-
ating a collimated beam with a diameter of approximately 4.5 mm. The
collimated excitation beam is directed towards the sample through one
of the ports on the cuvette holder.

A variable reflective neutral density (ND) filter wheel (NDM4/M,
Thorlabs) is placed in the path of the beam before the light port, allowing
the excitation light power to be adjusted. The laser power could also be
adjusted directly on the laser diode switch box by changing the voltage
supplied to one of the SMA connectors. However, this will affect the laser
pulse shape requiring a delay for laser stabilisation and remeasurement
of the system instrument response function (IRF). For a given set of
measurements, setting this to a fixed value then attenuating the light as

2The confocal FLIM system was used as part of the characterisation of the FLT
standards as described in Paper IV. Given further development of the modular FLIm
system and proper planning, transportation of the system to Dublin for a robust
comparison may be feasible in the future.
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Figure 4.6: The time-correlated single-photon counting (TCSPC) sys-
tem developed for bulk fluorescence lifetime measurements. The setup
includes a pulsed laser source, optical filtering, and a hybrid photomul-
tiplier detector connected to a TCSPC module. The system enables
reliable benchmarking of FLIm platforms using both liquid and planar
samples.

required with the ND filter removes this as a variable. The ND filter is
also mounted at a slight angle to reduce back-reflections in the system.

Fluorescent emission from the sample is collected through a port per-
pendicular to the one through which excitation was delivered. The light is
first filtered, then coupled into a second optical fibre using a plano-convex
lens mounted in an SMA fibre adapter (LA1074 and CVH100-COL, Thor-
labs). This second fibre is then connected to the hybrid detector. The
cuvette holder has a slot for a filter holder (CVH100-FH, Thorlabs) which
allows filters to be quickly removed or changed. For all measurements
included in this thesis, a long-pass filter with a cut-on wavelength of
500 nm is used (FELH0500, Thorlabs).

For monitoring of the excitation laser power, a photodiode connected
to a power meter (S120VC and PM100D, Thorlabs) can be mounted
on the port opposite the excitation beam. Samples of course scatter and
attenuate the excitation beam; therefore, samples are first measured with
the TCSPC system, then removed from the holder, and finally the power
of the excitation beam is recorded on the power meter. A photograph of
the front-end of the TCSPC FLT system can be seen in Figure 4.6.

The IRF of the system is recorded by removing the long-pass filter and
placing a piece of frosted glass in the sample holder at a 45° angle; this is
recorded for each set of measurements and used in a reconvolution fitting
model for analysis. An example IRF recorded with this system is shown
in Figure 4.8 having a width (FWHM) of approximately 180 ps. It is likely
that a narrower IRF could be achieved by removing the two optical fibres
from the system and instead mounting the laser and detector directly
in front of the ports on the cuvette holder. However, similarly to the
modular FLIm system already described, both the detector and laser
sources are shared across multiple projects within the lab. Therefore,
having these elements remain quickly interchangeable in a plug-and-play
style was a necessity. In any case, for the range of lifetimes measured
with the system and given the use of reconvolution fitting, this IRF width
is sufficiently narrow.

This system hardware was designed and assembled by myself in late
2024. In early 2025 I co-supervised (along with Dr Sanathana Konugolu
Venkata Sekar and Dr Katarzyna Komolibus) an undergraduate student,
Keela Hughes, in carrying out her final year project in our lab. As part
of her project she developed a Python-based app for automated data

00FHAD
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Figure 4.7: A photograph of the
system built for bulk measure-
ments of sample fluorescence life-
times. The system has a light-
tight lid which has been removed
for the photograph. The sample
being measured here is one of the
orange FLT standards developed
as part of the work in Paper IV.
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Figure 4.8: An IRF measurement for the TCSPC system acquired by re-
moving the long-pass filter and measuring a laser pulse directly scattered
off a piece of frosted glass. This IRF has a FWHM value of 180 ps.
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Figure 4.9: A screenshot from the Python-based app (developed by Keela
Hughes under the supervision of Dr Sanathana Konugolu Venkata Sekar,
Dr Katarzyna Komolibus, and myself) for automation of data acquisition
and analysis with the TCSPC system. This system and app have been
applied for much of the work presented in Paper IV.

acquisition from the PicoHarp 300 and for monoexponential lifetime-
fitting using reconvolution fitting as described in Section 2.3.2; the code
for this app is available on GitHub [101]. A screenshot from the app after
acquiring and fitting sample data is shown in Figure 4.9.

This system has been applied for benchmarking of the FLIm micro-
camera system as described in Paper ITI, and for the characterisation
of dyed epoxy resins, laying the foundations for the work presented in
Paper IV. Outside of the work included in this thesis, the system has
also been used as part of the characterisation of fluorescent carbon dots
developed for anticounterfeiting applications [102].
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4.4 Summary

This chapter has presented the core instrumentation applied throughout
this thesis. The key characteristics of the EndoCam, a compact SPAD
array designed for wide-field fluorescence lifetime imaging, have been de-
scribed. The modular FLIm system developed to support the testing
of multiple systems using the EndoCam as well as interchangeable ex-
citation laser sources has also been described in detail. A custom-built
TCSPC system was also assembled for bulk fluorescence lifetime mea-
surements, providing a reliable reference for benchmarking and valida-
tion. This system has been applied extensively in support of the work
presented in later chapters. Together, these instrumentation components
support the development, validation, and benchmarking of both bench-
top and miniaturised FLIm systems described throughout this thesis.
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CHAPTER D

BENCH-TOP WIDE-FIELD FLIM SYSTEMS

This chapter presents the development of two wide-field FLIm systems
based on the EndoCam: a bench-top system designed for metabolic imag-
ing using fluorescent pH sensors, and a miniaturised handheld system
aimed at demonstrating the EndoCam’s potential for portable tissue
imaging. The engineering challenges, optical design, and imaging per-
formance of both systems are described.

5.1 Wide-field FLIm system for lifetime-based
metabolic imaging of ex vivo tissue samples

Extracellular pH (pHe) is an important indicator of homeostatic condi-
tion of mammalian tissue and its pathophysiological state such as tumor
development and tissue acidosis. Optochemical sensors with internal ref-
erencing capabilities can perform dynamic quantitative imaging of pHe
in live tissue samples [103].

In 2022, researchers based at the School of Biochemistry and Cell
Biology, University College Cork reported the development of advanced
planar solid-state pH sensors based on a fluorescent octaethylporphin-
ketone (OEPK) [104]. A photograph of one of these sensors while under
405 nm excitation can be seen in Figure 5.1. For measurements, the sen-
sor material is placed in contact with the sample of interest, then the
fluorescence of the sensor is measured optically. In the initial publication
on these sensors both intensity-based and lifetime-based detection meth-
ods were explored. These sensors were successfully applied for analysis
of cultured cells and 3D spheroid models.

Following on from this work, there was an interest in applying these
sensors for metabolic analysis of ex vivo tissue samples, and in examining
if these sensors could be used to resolve sample pH spatially, specifically
using the lifetime detection method. In order to explore this, a custom
wide-field FLIm imager was designed and built using the EndoCam as
a detector. This system was then applied for lifetime-based metabolic
imaging of ex vivo mouse tissue samples. This work has since been pub-
lished [105] and is presented in Paper I.

In this section, the work carried out in the development of this imager
is outlined; this includes the design of a custom PCB for remote operation
of the EndoCam over a cable, and the optical design of the system for
imaging the tissue samples.

5.1.1 EndoCam connectivity challenges

As mentioned in Section 4.2, the EndoCam was initially configured for op-
eration plugged directly into a socket on the motherboard. However, for

Figure 5.1: One of the planar solid-
state pH sensors fluorescing under
405 nm excitation.
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5.1.2 Custom PCB design

Figure 5.2: The EndoCam was
connected to the board over a
50 cm-long screened cable for ini-
tial testing of the connectivity.
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use in benchtop imaging systems and eventual integration into a micro-
camera device, it is required to operate the chip over a length of cable.

Unfortunately this proved much more challenging than initially
hoped. Initial efforts to operate the EndoCam at the end of a cable
resulted in the sensor failing the initialisation tests. It was suspected
that degradation of the digital signal quality over the cable was a po-
tential cause of this. In order to test this, the clock signal was probed
directly on the motherboard, and then at the end of a 50 cm five-wire
screened cable (6305 SL005, Alpha Wire). For the tests with the ca-
ble, the cable was connected to the motherboard using five pin-headers
providing the necessary connections. The other end of the cable was con-
nected to the necessary pins on the ceramic chip package containing the
EndoCam using an adapter (SSW-107-02-G-D-RA, Samtec); this can be
seen in Figure 5.2.

Oscilloscope traces of a 20 MHz clock signal on the motherboard and
at the end of the cable can be seen in Figures 5.3a and 5.3b respectively.
Clearly there is significant degradation of the signal quality and it is not
at all surprising that the chip is unable to operate at the end of the
cable. It is noteworthy that even directly on the board, the clock signal
is far from ideal, suggesting that the clock signal quality from the FPGA
module might not be adequate for operation of the chip remotely. This
is especially true when considering that the 50 cm cable used here is still
far too short for use in an endoscope, where a cable length of ~2m may
be required.

The signal quality can be improved by operating at a slower clock
frequency; as can be seen in Figures 5.3c and 5.3d which show a 10 MHz
clock signal measured on the motherboard and at the end of the cable
respectively. Significant ringing still remains in the signal both on the
board and at the end of the cable, but at this frequency the chip is
able to pass the initialisation tests and operate at the end of the cable.
While operating at a slower clock frequency is acceptable for initial tests
and ultimately would allow the system to function, it has an inversely
proportional effect on the acquisition time; if the clock frequency is halved
from 20 MHz to 10 MHz, then the acquisition time for each measurement
will be doubled.

5.1.2 Custom PCB design

In order to address the connectivity challenges outlined in the previous
section, a custom PCB was designed for remote operation of the Endo-

Figure 5.3: Oscilloscope traces of the EndoCam clock signal. (a) A
20 MHz clock signal probed at a pin on the motherboard and (b) probed
at the end of a 50 cm long screened cable. (¢) A 10 MHz clock signal on
the motherboard and (d) at the end of the same cable. The scale on the
x-axis is 10ns/div for the 20 MHz signals and 20 ns/div for the 10 MHz
signals.
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Figure 5.4: The electronic circuit schematic used for the custom PCB
design for the EndoCam.

Cam away from the motherboard. The electronic circuit diagram for the
PCB is presented in Figure 5.4. Two capacitors to ground (one low fre-
quency and one high frequency) have been placed on both the VHV and
VDD connections; this is in an effort to ensure these signals are as stable
as possible as supplied to the EndoCam. In the circuit schematic there
have also been resistors to ground added to both the CLK and DATA
signals; this was initially considered as an option to reduce the ringing
observed in these signals but ultimately this was not pursued further.
Pads for these resistors are included on the PCB layout but have been
left unconnected after assembly.

Schematics of the PCB layout and photographs of the PCB after
assembly are presented in Figure 5.5. The main goal of the PCB de-
sign was to ensure a reliable connection between the EndoCam and the
motherboard which might preserve the CLK and DATA signal integrity
as much as possible. For this purpose, the PCB was designed with SMA
connectors for both these signals. These connectors enable the use of
coaxial cables which provide good signal shielding and are screwed onto
the board, establishing a reliable electrical and mechanical connection.
The other three signals are connected using pin headers on the PCB. All
five connections are made on the opposite side of the PCB to where the
EndoCam chip is mounted.

In addition to addressing the connectivity challenges, the PCB was
designed with a 25 mm-diameter circular footprint. This enables the
EndoCam, mounted on the PCB, to be inserted into standard lens tubes
and easily integrated into optical imaging systems. The assembled PCB,
including the EndoCam and inserted into a Thorlabs SM1 lens tube, can
be seen in Figures 5.5¢ and 5.5d.

When mounted on the PCB, the chip can now successfully operate re-
motely with a 20 MHz clock signal frequency. In the interest of reliability,
cables of 30 cm to 50 cm in length were used for operation.

5.1.3 Optical design

The tumours used in this study were induced in female Balb/C mice
using murine colorectal carcinoma CT26 cells. Cells were injected sub-
cutaneously into the flank of the mice and allowed to grow for at least
12 days; after this time they were typically between 0.5cm and 1cm in
diameter. For the pH measurements, it was desirable to image the whole
tissue sample in the same image. This meant that the target field of view
for the system was approximately 1cm x 1cm.
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Figure 5.6: An intensity image of
a ruler captured with the bench-
top system to verify that the field
of view meets the target require-
ments.
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Figure 5.5: Schematics showing the (a) front and (b) back sides of the
custom PCB layout. Photographs of the (c¢) front and (d) back of the
PCB housed in a Thorlabs SM1 lens tube after soldering of all compo-
nents and connection of the EndoCam.

Given that the active area of the EndoCam is ~1mm x 1mm, this
required a ten-fold demagnification from the sample plane to the detector
plane. This is achieved by using something akin to a reversal of a tradi-
tional microscope optical design. Fluorescence emission from the planar
sensor is collected using an achromatic doublet with a focal length of
100 mm (AC254-100-B-ML, Thorlabs) and then imaged onto the detec-
tor using a microscope objective (LU Plan Fluor 20x, Nikon ).

It was mentioned above that a ten-fold demagnification was required,
but a 20x microscope objective has been used. This is because the ob-
jective is designed for use with a tube lens with a focal length of 200 mm;
by instead using the achromatic doublet with half the focal length, the
effective magnification (or demagnification as implemented here) is also
halved to the desired amount. This also has the benefit of giving the
system a working distance of 100 mm as opposed to 200 mm, thereby in-
creasing the amount of fluorescence emission collected. An image of a
ruler captured with the system is presented in Figure 5.6, verifying that
in practice the system has a field of view slightly larger than 1 cm X 1 cm.

The 405 nm pulsed laser diode operated at a repetition rate of 20 MHz
is used for excitation with the system; this was the excitation wavelength
used in the initial development of the planar sensors [104]. The optical
setup has an epi-fluorescence configuration. The pulsed laser source de-
livers a collimated beam which is focused using an aspheric lens (part
number) and directed towards the sample using a dichroic mirror (FF506-
Di03-25x36, Semrock) through the same achromatic doublet used for
fluorescence emission collection. The position of the spheric lens is ad-
justed such that the excitation beam is focussed to the back focal plane
of the achromatic doublet. This results in a collimated excitation beam
reaching the sample. A 600 nm long-pass emission filter (FEL0600, Thor-
labs) is placed before the microscope objective to remove the excitation
light and isolate the fluorescent emission from the OEPK sensor which
is almost entirely in the 600 nm to 700 nm range [104]. A schematic and
photograph of the imaging system are presented in Figure 5.7 including
the addition of a hot plate used for regulation of the tissue sample tem-
perature during measurements. A list of the optical elements used in the
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Figure 5.7: (a) Schematic of the measurement setup applied in Paper I
including the wide-field bench-top FLIm system, the tissue sample in
a Petri dish covered with the pH sensor and placed on a hot plate for
temperature control. (b) Photograph of this setup, including a top-down
image of a tissue sample and pH sensor in a Petri dish. (c) An optical
diagram of the imaging system. The key for the part labels can be seen
in Table 5.1 below.

Key Part Supplier Part No.
EC EndoCam - -
L1 Aspheric lens, f =20.1 mm Thorlabs ACL2520U-A

L2 Achromatic doublet, f =100mm  Thorlabs  AC254-100-B-ML
L3 Infinity-corrected objective, 20x Nikon LU Plan Fluor 20x
D Dichroic mirror, 506 nm long-pass  Semrock  FF506-Di03-25x36

LP Emission filter, 600 nm long-pass  Thorlabs FELO0600

Table 5.1: Optical elements used in the bench-top imaging system for
lifetime-based metabolic imaging shown in Figure 5.7.

system is shown in Table 5.1.

5.1.4 MPE calculations and evaluation

To evaluate suitability for potential in vivo applications, the delivered
exposure from the bench-top system is compared with the maximum
permissible exposure (MPE) values provided in I.S. EN 60825-1 [38].
The 405 nm laser is operated at a repetition rate (fye,) of 20 MHz, with
an average excitation power (Pyye) of 1.3mW, and has a typical pulse
width (¢puise) of 100 ps. The excitation is delivered to the sample as a

47



5.1.5 Summary

48

10 mm diameter collimated beam.
First, we consider the exposure from a single laser pulse; the peak
power during a pulse is found from equation 5.1:

Pa'ue

e 5.1
frep : tpulse ( )

Ppeak =

yielding a peak power of 0.65 W'. The standard states that the exposure
must be averaged over a 3.5 mm diameter aperture; to do this we assume
the beam profile is Gaussian and find the laser power that would pass
through the limiting aperture when the beam and aperture are aligned
i.e. when the brightest portion of the beam passes through the aperture.
This approach is more conservative than assuming a top-hat profile as
a greater portion of the beam passes through the aperture with this
approach. The power which passes through the aperture (P..) can be
found from equation 5.2:

202
Pacc = Pbeam (1 — €xp <_w2)> ) (52)

where Pyeqm is the total power in the beam(here equal to Ppeqr), o is the
aperture radius of 1.75mm and w is the beam radius of 5mm. In this
case this translates to 21.7% of the beam passing through the aperture,
0.142 W. Averaged over the limiting aperture area this gives an intensity
of 1.48 x 10* Wm™2 for a single pulse. At this time scale the skin MPE
stated in the standard is 2 x 10! Wm™2, therefore the system is well
below the skin MPE for a single pulse.

For prolonged exposure we can again use equation 5.2, this time using
the average power value of 1.3mW for Pyeqpm. Doing this we get an
average intensity of 20 W m~2. The skin MPE for exposures up to 30000 s
is 2000 W m~2, nearly two orders of magnitude higher than the exposure
delivered by the system. This analysis demonstrates that, under the
conditions used here, the system cannot approach the skin MPE during
any plausible imaging sequence.

5.1.5 Summary

Here the EndoCam has been successfully integrated into a bench-top
imaging system and applied for lifetime-based metabolic imaging of ez
vivo tissue samples using fluorescent planar pH sensors as presented in
Paper I. This has been achieved through the design of a custom PCB for
remote operation of the EndoCam, and through the design and construc-
tion of a custom wide-field FLIm system which meets the requirements
for imaging the tissue samples under examination.

Measurement of tumour acidosis in vivo is of interest to deepen un-
derstanding of tumour metabolism [106] and has shown potential for
surgical guidance [107]. Translation of the technology applied in Paper I
to in vivo measurements could be achieved through the deposition of the
sensor on to the tissue area of interest, followed by imaging of the sen-
sor with a system similar to the one developed here but with increased
portability. This may find use in application areas with adequate space
for sensor deposition to be carried out, such as examination of lesions on
the skin or in the oral cavity.

The integration and application of the EndoCam as described here
and in Paper I is a good example of the utility of SPAD arrays applied for

IEquation 5.1 assumes the pulse has a square shape. In reality, the temporal
pulse shape is closer to Gaussian with a FWHM of 100 ps. Assuming a square pulse is
simpler and, crucially, it overestimates the peak power, leading to a more conservative
estimate for safety considerations.



Bench-top wide-field FLIm systems

wide-field FLIm in biomedical research. It also demonstrates the effec-
tiveness of the EndoCam specifically in performing such measurements.
However, the bench-top system developed here does not take advantage of
the miniature form factor of the EndoCam. The next steps in the project
focus on the validation of the EndoCam with a more miniaturised sys-
tem as described in Section 5.2, and the integration of the detector into a
chip-on-tip FLIm micro-camera small enough for endoscopic applications
as described in Chapter 6 and Paper III.

5.2 Miniaturised FLIm imager

As mentioned in the previous section, a more portable system using the
EndoCam could be applied for examination of lesions on the skin or
in the oral cavity. This could be done in combination with exogenous
probes such as the ones applied in Paper I or through measurement of
endogenous fluorescence lifetimes. Therefore there was an interest, at an
early stage in the project, in integrating the EndoCam into a handheld
imaging system. This would allow the detector to be tested and validated
in a more miniaturised system.

In this section, the work carried out in the development of this smaller
imager with a handheld form factor is outlined; this includes the design of
an additional custom PCB for integration into smaller lens tubes, and the
optical design of the system. The development of this system commenced
at the same time as for the system described in Section 5.1. The system
was presented at Photonics West 2023 [108] as can be seen in Paper I
which includes a characterisation of the spatial and temporal performance
and example images of plant samples captured with the system.

5.2.1 Custom PCB design

In order to integrate the EndoCam into a more miniaturised system, a
second custom PCB layout was designed. Schematics of the PCB layout
and photographs of the assembled PCB can be seen in Figure 5.8. This
smaller PCB has a diameter of 12.5mm allowing it to be inserted into

Figure 5.8: Schematics of the (a) front and (b) back sides of the minia-
turised custom PCB layout. Photographs of the (c¢) front and (d) back
of the PCB housed in a Thorlabs SM05 lens tube after soldering of all
components and connection of the EndoCam.
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standard SMO5 lens tubes which can be purchased from suppliers such
as Thorlabs and Edmund Optics; these type of lens tubes are the ones
used in the handheld rigid scanning FLIm endoscope presented in Cheng
et al. [61] which was later applied for in vivo FLIm in the oral cavity
[62].

This PCB uses the same electronic design as shown before in Figure
5.4; a more compact layout was achieved through careful positioning of
the components and by replacing the SMA connectors with MMCX con-
nectors (1-1634009-0, TE Connectivity); these connectors have a smaller
footprint but still enable the use of coaxial cables and provide a reliable
electrical and mechanical connection.

5.2.2 Optical design

The optical design uses an epi-illumination scheme with a very similar
layout to the system described in Section 5.1. A schematic and photo-
graph of this miniaturised system are presented in Figure 5.9. A list of
the optical elements used is shown in Table 5.2.
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— Dichroic mirror
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Figure 5.9: A basic schematic (a) and a photograph (b) of the minia~
turised wide-field FLIm system. (c¢) An optical diagram of the imaging
system. The key for the part labels can be seen in Table 5.2.

Key Part Supplier Part No.

EC EndoCam - -

L1 Achromatic doublet, f =19 mm Thorlabs  AC127-019-AB-ML
L2 Achromatic doublet, f =19 mm Thorlabs  AC127-019-AB-ML
D Dichroic mirror, 506 nm long-pass  Semrock  FF506-Di03-25x36
LP Emission filter, 515 nm long-pass  Semrock FF01-515/LP-25

Table 5.2: Optical elements used in the handheld wide-field FLIm system
shown in Figure 5.9.
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For this system, two achromatic doublets with a focal length of 19 mm
are used (AC127-019-AB-ML, Thorlabs); one to collect the light from the
sample, the second to re-focus it onto the sensor. This means the system
has a magnification of approximately one, therefore imaging an area of
~1lmm X 1 mm.

The excitation light is coupled into an optical fibre which is connected
to the side of the system. A long-pass dichroic mirror and filter (FF506-
DI03-25X36, Semrock) was cut to approximately 12mm x 15mm, and
used to direct the excitation light towards the sample. The distance bet-
ween the fibre tip and the first achromatic doublet was adjusted such that
the excitation beam reaching the sample was approximately collimated.
A long-pass filter (FF01-515/LP-25, Semrock) was also used for removal
of elastically scattered light before the second lens.

5.2.3 Animal tissue demonstration

In addition to the measurements presented in Paper II, images were also
captured of ex vivo animal tissue samples to demonstrate tissue lifetime
imaging with the system. Two samples cut from a porcine heart were
used for these measurements. One sample was cut from the myocardium,
the muscular layer of the heart, and the other was cut primarily from the
pericardium, the fibrous tissue which encloses the heart. The two samples
were soaked in 1M Zinc phthalocyanine (ZnPc) solution for 10 minutes.
ZnPc is a common photosensitiser used in photodynamic therapy and
was used here to increase the fluorescence signal for tissue imaging. The
405 nm pulsed laser diode was used for excitation at a repetition rate of
20 MHz and an average power of 0.33 mW. Photon counts were acquired
over 20 time bins with an acquisition time of ~15s. Pixels were binned
into groups of four to improve photon statistics, and tail fitting with a
mono-exponential decay model was performed between 90 % and 20 % of
the peak value.

Fluorescence intensity and lifetime images of the samples are pre-
sented in Figure 5.10 along with the lifetime distributions. The lifetime
images have been upscaled to the original image dimensions and pixel
values interpolated (bilinear) for display purposes only. The brightness
of each pixel in the lifetime images is scaled by the intensity to highlight
regions with a strong fluorescence signal. The field of view has been
cropped to exclude the defective pixel region.

There is a clear lifetime contrast measured between the two samples;
the myocardium sample has a mean lifetime of 1.84 ns with a standard
deviation of 1.20 ns while the pericardium sample has a lifetime of 3.20 ns
and a standard deviation 0.56 ns. The observed difference in fluorescence
lifetimes between the two samples may be due to the difference in compo-
sition of the two tissue types. The pericardium is connective tissue rich
in collagen while the myocardium is composed primarily of metabolically
active cardiac muscle, with a higher content of endogenous fluorophores,
such as NADH and FAD (flavin adenine dinucleotide), which are involved
in metabolic processes.

5.2.4 MPE evaluation

Using the same methodology described in Section 5.1.4, the exposure
from the miniaturised FLIm imager is assessed and compared with
MPE values in I.S. EN 60825-1. The peak irradiance from a sin-
gle excitation pulse, averaged over the limiting aperture, was found
to be 4.8 x 103 Wm~2, while the corresponding time averaged irradi-
ance was 9.7Wm~2. For this wavelength, the relevant skin MPEs are
2 x 10" Wm~2 for nanosecond scale pulsed exposure and 2 x 10> W m~?2

for prolonged exposure up to 30 000s. Both the single pulse and average
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Figure 5.10: Example fluorescence intensity (a and b) and lifetime (¢ and
d) images of ex vivo porcine heart samples captured with the miniature
wide-field FLIm system. The samples were excited using the 405nm
laser at a repetition rate of 20 MHz and an average power of 0.33mW.
Photon counts were acquired over 20 time bins with an acquisition time
of ~15s. (e) Lifetime distributions for the two samples. The myocardium
sample had a mean lifetime of 1.84 + 1.20ns (standard deviation) and
the pericardium sample had a mean lifetime of 3.20 4+ 0.56 ns.

irradiance values are therefore well below the applicable skin MPEs. As
with the bench-top configuration, these results indicate that the excita-
tion levels used in the miniaturised FLIm imager are comfortably within
recognised safety limits when assessed against skin exposure criteria.

5.2.5 Summary

In this section the EndoCam has been integrated into a handheld wide-
field FLIm system. This system has been characterised and validated as
presented in Paper II; the presented system has a spatial resolution of
12.4um and has been shown to successfully differentiate polymer bead
samples with a range of fluorescence lifetimes. In addition, the FLIm
capability of the system with tissue samples has been demonstrated here
on stained porcine tissue samples.

With further development and refinement of the system described
here, the EndoCam could be applied for a thorough study of in wvivo
fluorescence lifetimes in the oral cavity, on the skin, or in the brain,
where there is sufficient space for use of a handheld probe. It could also
be deployed as a compact system for intraoperative FLIm of freshly ex-
cised tissue samples. For this project, a primary goal was to integrate the
EndoCam into a micro-camera system for endoscopic applications; there-
fore, the application of a handheld system has not been further explored
here. Other researchers have however had success in the further devel-
opment of handheld systems using the EndoCam for wide-field FLIm of
tissue samples [98, 99].

5.3 Discussion

The two wide-field FLIm systems presented in this chapter were devel-
oped with distinct goals but ultimately serve a common purpose: to
evaluate the suitability of the EndoCam SPAD array for wide-field, time-
resolved imaging under conditions representative of future clinical de-
ployment. Together, they illustrate both the capabilities of the detector
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and the engineering constraints that arise when moving from bench-top
experimentation toward miniaturised instrumentation.

The bench-top system demonstrates that robust wide-field lifetime
imaging can be achieved using the EndoCam. Its application to planar
pH sensors and ex vivo tumour samples, as seen in Paper I, shows that
the detector can support biologically meaningful measurements, even
when fluorescence contrast arises from subtle lifetime shifts. This system
benefits from the comparatively strong fluorescence of the optochemical
sensors, a stable optical geometry, and the freedom to use large optics
without space constraints. These advantages allow high-precision lifetime
estimation and provide a controlled environment in which to validate the
detector and imaging workflow. At the same time, the system’s physi-
cal footprint, demagnification optics, and mechanical complexity make it
impractical for endoscopic use, highlighting the gap between laboratory
performance and the realities of clinical translation.

The handheld system provides a complementary evaluation by priori-
tising compactness and mechanical simplicity. Its ability to differentiate
beads with known lifetimes and to image ex vivo porcine tissue demon-
strates that useful lifetime contrast can be extracted even with a greatly
reduced footprint and a restricted photon budget. This shows that the
EndoCam can deliver meaningful lifetime contrast under conditions much
closer to those expected of a deployable instrument.

A significant finding common to both systems is that they were able
to operate safely within established exposure limits [38]. The bench-top
configuration, despite using relatively high excitation power for metabolic
imaging, delivered irradiances far below the relevant MPE thresholds.
Likewise, the handheld system, operating at substantially reduced op-
tical throughput, also remained comfortably within these limits. This
demonstrates that lifetime imaging with the EndoCam can be performed
safely at excitation levels compatible with biological samples, an essential
requirement for future in vivo studies.

Viewed together, the two imaging platforms provide a valuable com-
parative perspective on how the EndoCam performs across a spectrum of
operating conditions, from large bench-top designs to more space-limited,
miniaturised systems. This perspective is essential for understanding how
the detector behaves when scaled toward endoscopic dimensions. The
bench-top system maximises performance and validates the sensor tech-
nology, while the handheld system demonstrates practical feasibility in a
compact form factor and clarifies the engineering trade-offs required for
portability.

Finally, these results emphasise the broader theme of this thesis: that
the miniaturisation of SPAD arrays opens a pathway toward compact,
wide-field lifetime imaging devices. The systems developed in this chap-
ter validate the feasibility of such devices and clarify the optical, elec-
tronic, and safety-related considerations that must be addressed as the
detector is further scaled and integrated. These insights directly inform
the system architecture and design choices made in the chip-on-tip FLIm
micro-camera presented in the following chapter.

5.4 Conclusions

This chapter has evaluated the EndoCam SPAD array through the de-
velopment of two wide-field FLIm systems: a bench-top platform for
lifetime-based metabolic imaging and a compact handheld system for
portable tissue imaging. Both systems demonstrated the detector’s abil-
ity to capture meaningful fluorescence lifetime contrast while operating
well within recognised exposure limits. The engineering solutions devel-
oped here, particularly for remote operation and compact optical design,
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provide a foundation for further miniaturisation. These findings motivate
and inform the design of the chip-on-tip FLIm micro-camera presented
in the next chapter.
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CHAPTER 0

CHIP-ON-TIP FLIM MICRO-CAMERA

This chapter details the design, development, and integration of a com-
pact chip-on-tip fluorescence lifetime imaging (FLIm) micro-camera sys-
tem using the EndoCam as the detector. A primary objective of this
work was to develop a system with dimensions suitable for endoscopic
applications. As such, the developed micro-camera has an external di-
ameter of 4 mm and a rigid length of 10 mm. To the best of the author’s
knowledge, this represents the first chip-on-tip FLIm micro-camera on a
size scale compatible with endoscopic applications. This development is
a significant step towards evaluating the capability of miniaturised SPAD
arrays for wide-field chip-on-tip endoscopic FLIm, which is a core goal of
this thesis.

In this chapter the design process for the FLIm micro-camera is ex-
plained including the custom flexible printed circuit board (PCB); the
optical design considerations and simulations undertaken; the mechanical
design of the housing and mounting components; and the assembly pro-
cess. Finally, the integration of the excitation light source is presented,
highlighting challenges such as stray fluorescence and off-centre illumi-
nation encountered during development, and the solutions implemented
to overcome them.

The implementation of the FLIm micro-camera led directly to the
work published in Paper III, which includes a comprehensive characteri-
sation of the spatial and temporal performance of the micro-camera. The
device has been further characterised as part of the work for Paper IV,
where novel solid-state fluorescence lifetime standard tools were applied
for system validation. The results of the FLIm micro-camera charac-
terisation from both of these are summarised briefly at the end of this
chapter.

6.1 Custom PCB

For integration of the EndoCam into the chip-on-tip micro-camera sys-
tem, a custom flex PCB was designed by Dr. Walter Messina. This PCB
design is shown in Figure 6.1. The PCB thickness is 150 pm, the mate-
rial is polyamide with ENEPIG (Electroless Nickel Electroless Palladium
Immersion Gold) finish, fabricated by Genesis Circuits. The PCB has a
width of 2mm and a length of 13 mm (though the length is not critical)
with five traces running the length of the PCB. It was designed such that
the EndoCam chip can be placed at one end, wire bond connections made
from the pads on the chip to the five PCB traces, then micro-coaxial ca-
bles (9442 WHO033, Alpha Wire) soldered to the other end of the PCB to
be connected back to the motherboard. The traces are 0.2 mm wide and
the pads for soldering are 0.275 mm wide.
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Figure 6.1: Custom flexible PCB designed for the FLIm micro-camera.
The PCB enables wire bonding of the EndoCam sensor on the right
as imaged here and connection to the system via micro-coaxial cables
soldered to the pads on the left.

Given the size constraints, there were no additional components such
as decoupling capacitors included in this design. Also, considering the
connectivity challenges already faced with the EndoCam, a conservative
cable length of 30 cm was used for the FLIm micro-camera.

6.2 Optical design

For the optical design, the main considerations were the spatial reso-
lution, field of view, and the light collection efficiency of the system.
Commercial white-light endoscopes are typically designed with a very
large field of view for navigation, and to maximise throughput in terms
of the total area of tissue imaged. However, this would likely result in a
longer working distance, thereby reducing the amount of light collected.
For FLIm, the signal level is typically weak (especially with endogenous
fluorescence), so maximising the amount of light collected is critical. In
the end, it was decided to target a field of view similar to the wide-field
fibre-bundle FLIm probes reported by Sparks et al. [81] and Cheng et al.
[82] of ~2.3 mm.

6.2.1 Initial exploration

For the two fibre bundle probes mentioned previously, the lens is glued
directly onto the fibre bundle. Similarly for the NanEye, a commercially
available CMOS micro-camera from ams, the lens is integrated with the
sensor at the wafer level into a single device. In the case of the EndoCam
however, wafer-level integration was not an option as the devices had
already been diced. The bond pads are also positioned on the same side
of the device as the active area, immediately adjacent to it. Therefore if
a lens were to be glued directly to the camera, it must be small enough
not to cover these pads required for operation.

This option was explored at an early stage using a 1mm diameter
GRIN lens with a focal length of 10 mm. The lens was glued directly to
the active area on the detector and black paint was added to the outside
of the lens in an effort to block stray light. A photograph of the EndoCam
with this lens glued onto it can be seen in Figure 6.2 along with example
images captured with this configuration.

This approach was not pursued beyond this initial test but the po-
tential benefit of integrating the lens with the detector in one solid piece
merits further consideration. One drawback apparent in this configura-
tion is that the pixels in the corner of the detector are not utilised; they
are also saturated by ambient light in the room directly hitting the de-
tector, though this could be eliminated if the device were packaged fully.
Interestingly, though the lens has a nominal focal length of 10 mm, the
image remains near in focus for distances much greater than this as can
be seen in Figure 6.2b. This large depth of focus could be of practical
use in surgical applications if the detector was to be used for navigation
imaging, similar to a standard endoscope, prior to FLIm measurements.
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Figure 6.2: (a) Photograph of the EndoCam with a 1 mm GRIN lens
glued directly to the sensor surface. (b) An example image of myself
captured with this configuration, showing extended depth of field and
artefacts from epoxy thickness variation. (c) An image of a USAF reso-
lution test target captured at a working distance of 10 mm.

There is also a strange pattern visible across the images, most promi-
nently seen in the top-right hand region of Figure 6.2b. It is suspected
that this is due to variation in thickness of the epoxy between the lens and
the detector or perhaps small air gaps. It is likely that this effect could
be eliminated with further development of the lens integration process.

Following this early exploration, it was decided to instead use a lens
with a larger diameter, mounted a small distance away from the detector
surface. The strategy employed for mounting the lens is described in
Section 6.3. This would allow utilisation of the full detector area and
avoid the patterning effects mentioned previously.

6.2.2 Final design

For the final design, a 2mm diameter GRIN lens (Grintech) was used
with a length of 5.1 mm. An aperture window with a 1.8 mm diameter
opening and a thickness of 0.3 mm was glued directly to the front of the
lens, this step was performed by Grintech prior to shipping the lens. A
0.3mm thick long-pass filter with a cut-on wavelength of 500nm was
chosen for use in the micro-camera. A ray-tracing simulation of this
design and the spot diagrams at different distances from the optical axis
on the image plane are presented in Figure 6.3. The distance between the
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Figure 6.3: (a) A Zemax ray-tracing simulation of the final FLIm micro-
camera optical design. (b) Spot diagrams from this simulation at various
distances from the optical axis at the image plane.
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6.3 Mechanical design

Figure 6.4: 3D CAD models
of the custom 3D-printed compo-
nents used in the FLIm micro-
camera: (bottom) chip mount,
(top) lens mount with groove for
fibre placement.
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back of the lens and the detector is 0.65 mm and the distance between
the sample and the filter (the working distance) is 4.1 mm.

The distance between the sample and the 1.8 mm diameter aperture is
therefore 4.7 mm, from this we can give a rough estimate for the numerical
aperture of the microcamera as 0.19. The real value may be marginally
larger than this given the higher refractive index of the filter and aperture
window which are in between the sample and the aperture itself.

From the simulation, the RMS spot radius is 5.9 pm at the optical
axis, 5.5pm at 0.3mm from the optical axis, and 14.1 pym at 0.5 mm
from the optical axis. The EndoCam has a pixel pitch of 8 pym so a spot
diameter close to this value is desirable. The EndoCam has an active area
of ~1mm x 1 mm so a distance of 0.5 mm from the optical axis is at the
very edge of the detector and the corners. The decreased performance at
the image edges was considered tolerable for this demonstrator system,
but is an area to be improved on in future designs.

6.3 Mechanical design

In this section, the design of the mechanical parts used to house the
different components of the FLIm micro-camera is described along with
the assembly process. The design and the assembly process presented
here are the result of approximately four iterations. A design would be
developed and the parts fabricated, then the assembly carried out by my-
self and Noreen Nudds from the Photonics Packaging Group at Tyndall
National Institute. During and after assembly, Noreen and myself would
discuss areas for improvement and adjustment. Based on this feedback,
the designs were further iterated.

6.3.1 3D-printed mounts

For the mechanical design of the FLIm micro-camera, custom 3D-printed
parts were developed. These parts were fabricated by Proto Labs Ltd.
using stereolithography with Accura ABS Black (SL 7820) as the mate-
rial. The design consists of three separate custom parts: a chip mount
to hold the EndoCam, a lens mount to hold the GRIN lens, and an
outer casing to house the system. The chip mount and lens mount were
designed to have interlocking teeth which helped increase mechanical sta-
bility between the two pieces and maintain alignment between the lens
and the detector.

The lens mount has a 2.1 mm diameter hole for insertion of the 2 mm
diameter lens. There is a 1.9 mm diameter lip at the bottom of the hole
which holds the lens, keeping it the correct distance (0.65mm) from the
detector. Along the edge of the lens mount there is a groove for holding
an optical fibre to deliver excitation light. At the top of the lens there is
a space left for the long-pass filter to be glued in place. 3D CAD models
of the chip and lens mounts can be seen in Figure 6.4. When the
two parts are put together there is an opening left at one side for the flex
PCB to exit.

The outer casing is simply a hollow tube which slides over the top
of the other two parts to house them along with the optical fibre. The
case has a wall thickness of 0.3 mm, the minimum supported by the 3D
printing process, giving an outer diameter of 4 mm for the micro-camera
design. This outer casing could be replaced by an appropriately-sized
metal tube, which is more suitable for medical applications and may
marginally decrease the outer diameter of the micro-camera.



Chip-on-tip FLIm micro-camera

(@) | 1. Fix the chip mount to a (b)
microscope slide with a
small amount of wax.

v

2. Glue the flex PCB to
the chip mount.

v

3. Glue the EndoCam in
position on top of the PCB.

v ©
4. Wire bond the
EndoCam to the PCB.

v

5. Solder the cables to the PCB and
test that the chip is functioning.

6. Insert the GRIN lens
into the lens mount.

v

7. Place the lens mount on top of |
the chip mount and glue in place.

v

8. Slide the outer casing over both
the lens mount and chip mount.

v

9. Glue the long-pass filter in
place in front of the lens.

v

10. Melt the wax to release the micro-
camera from the microscope slide.

v

11. Glue the outer case to the
chip mount at the back of the
micro-camera.

v

12. Insert the optical fibre into the
hole left between the groove on the
lens mount and the outer casing.

Figure 6.5: (a) The assembly process for the FLIm micro-camera. (b)
A top-down photograph of the chip mount with the flex PCB glued in
place after step 2. (¢) The EndoCam glued in place and wire bonded to
the PCB after step 5. (d) The FLIm micro-camera with the chip and
lens mounts assembled and the lens inserted after step 7. (e) The fully
assembled FLIm micro-camera including the EndoCam, imaging optics,
long-pass filter, and an optical fibre for excitation light delivery.

6.3.2 Assembly process

The assembly of the FLIm micro-camera was carried out in a stepwise
manner, as illustrated in Figure 6.5 which also includes photographs of
key stages in the assembly process. It is worth noting that the cables
are connected to the PCB midway through the system assembly. This
was necessary as a failure rate of approximately 50 % was observed with
the EndoCam, meaning the chip would not power up; this was observed
both by ourselves and by the research group in Edinburgh who developed
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6.3.3 Mid-assembly tests

Figure 6.7: The configuration used
to capture the lifetime image of the
leaf sample shown in Figure 6.6b.
The micro-camera was positioned
under the sample with the long-
pass filter in between. 405nm ex-
citation was provided from above.
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the chip. The exact cause of these failures is unknown, it may be due to
fabrication variations leading to internal failures, or due to electrostatic
discharge at any point in the chip handling. Care was of course taken
to avoid this second case where possible. Therefore, by attaching the
cable and testing the chip midway through assembly, parts were not lost
unnecessarily by integrating them with a non-functioning chip.

6.3.3 Mid-assembly tests

Connecting the cables and testing the chip mid-way through the assembly
also allowed for an initial validation of the micro-camera’s optical design.
This was carried out following step 7 in the assembly process when the
lens has been added but the casing, filter and optical fibre had not. At
this point, the device is still fixed to the microscope slide as seen in Figure
6.5d.

An intensity image of the millimetre lines on a ruler was captured,
showing that the device has a field of view of approximately 2mm x
2mm as seen in Figure 6.6al. A fluorescence lifetime image was also
captured of a leaf sample. In order to perform this measurement the leaf
sample was mounted on a microscope cover-slip on top of a long-pass
filter (FELHO0500, Thorlabs), with the micro-camera positioned below
both the sample and the filter as seen in Figure 6.7. A collimated beam
of 405 nm excitation light was aimed from above at the leaf sample. The
resulting lifetime image from this measurement can be seen in Figure
6.6b. Having performed this initial validation of the optical design, the
rest of the assembly process was carried out.

6.4 Excitation source integration

6.4.1 Stray fluorescence

Initially, a standard multimode fibre (FP400URT, Thorlabs) was used to
deliver the excitation light to the sample. However, during early testing,
significant stray fluorescence was observed originating from the micro-
camera mount, as shown in Figure 6.8a. This fluorescence was attributed
to the excitation light leaking from the fibre and interacting with the
surrounding 3D-printed plastic components. This effect was observed
with both the 405nm and 375nm laser sources. A silica-coated fibre
(FG400UEA, Thorlabs) was also tested but the issue remained.

LA more precise measurement of the field of view was later performed with the fully
assembled micro-camera using a stage micrometer with 50 pm divisions (R1L3S1P,

Thorlabs).
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Figure 6.6: (a) Intensity image of a ruler captured mid-assembly with
the FLIm micro-camera, showing a field of view of approximately 2 mm x
2mm. (b) Fluorescence lifetime image of a leaf sample acquired using the
same configuration. For the lifetime image 405 nm excitation was used
at a repetition rate of 20 MHz and an average power of 1.3 mW. Photon
counts were acquired over 40 time-bins with an acquisition time of ~24s.
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Figure 6.8: (a) Stray fluorescence observed when using a standard mul-
timode fibre for excitation light delivery. Bright scattered light is visible
around the micro-camera mount and the 3D printed parts appear to be
strongly fluorescing. (b) Equivalent photo when using an aluminium-
coated multimode fibre. The red circle indicates the location of the

micro-camera. Almost no stray fluorescence is observed.

To address this challenge, an aluminium-coated multimode fibre with
a 300pm (AS300/330 USMA 430, Heracle GmbH) was used instead.
This provided much-improved confinement of the excitation light and
prevented leakage through the cladding. This change significantly re-
duced the observed stray fluorescence, as shown in Figure 6.8b. The red
circle in the image indicates the location of the micro-camera, where no
significant fluorescence is now visible.

6.4.2 Off-centre illumination

During initial testing of the excitation light delivery, it was observed that
the illumination profile at the sample plane was not centred with respect
to the field of view of the micro-camera. This misalignment is illustrated
in Figure 6.9, which shows an intensity image of a uniform fluorescent
card captured with the micro-camera. The excitation beam is almost
entirely localised to the bottom left corner of the image.

The off-centre nature of the excitation profile is not surprising given
that the fibre is positioned adjacent to the imaging optics. A similar
effect was observed in Sparks et al. [81] though much less extreme in
that case. One challenge is that the aluminium-coated fibre has a limited
numerical aperture (NA) of only 0.22. If a fibre with a larger NA could
be used, then the beam exiting the fibre would disperse more widely
and the non-uniformity of the excitation profile would be less extreme.
Metal-coated fibre with a larger NA was unfortunately not sourced in
time for integration with this system, therefore an alternative solution
was implemented as described below.

6.4.3 Angled fibre tip for beam steering

To solve the challenge outlined in the previous section, the use of angled
fibre tips to steer the excitation beam toward the optical axis of the micro-
camera was explored. A series of tests were conducted using 400 pm core
multimode fibres (FG400UEA, Thorlabs). Three fibres were cleaved and
then the ends of each fibre polished at different angles: 0°, 30°, and 45°.
The fibre polishing was done using a NOVA™ bare fibre polishing system
(KrellTech).

Photon Counts
(6)]

0

Figure 6.9: Excitation light pro-
file at the sample plane showing
off-centre illumination. The pho-
ton count heatmap reveals that the
excitation spot is not aligned with
the centre of the field of view.
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Figure 6.10: Effect of fibre polishing angle on beam direction. (a—c) Fibre
tips polished at 0°, 30°, and 45°, respectively. (d—f) Corresponding beam
profiles projected onto a surface. Increasing the polishing angle results
in greater lateral deflection of the beam.

After polishing, the fibre was mounted above a fluorescent sheet at a
distance of ~4.6cm. The 405 nm laser was coupled to the other end of
the fibre and the emitted beam profile was observed. Figure 6.10 shows
the fibre tips (a—c) and the corresponding beam profiles projected onto
a surface (d—f) for each polishing angle. As expected, increasing the
polishing angle resulted in a more pronounced lateral shift of the emitted
beam. The 0° tip produced a beam aligned with the fibre axis, while the
30° and 45° tips progressively deflected the beam away from the axis.

At a polishing angle of 45°, most of the light appears to be internally
reflected at the fibre face and emitted from the side of the fibre. This
kind of side emission has been reported previously in literature and even
utilised for side-viewing fibre probes [109, 110]. For this application how-
ever, this side emission is undesirable and could potentially lead to stray
light within the micro-camera housing. Therefore, while angled polish-
ing offers a useful method for beam steering, it also introduces additional
considerations for optical isolation and integration.

For the fibres polished at 0° and 30°, the distance between the beam
profiles was measured manually by marking the centre of each beam
spot on the sheet. While approximate, this method was sufficient for the
purpose of this exploration. The deflection distance was 16 mm, based on
the distance from the fibre tips to the screen of 46 mm, corresponding to
an estimated beam deflection angle of 19°. In the micro-camera design,
the distance between the centre of the lens and the fibre is 1.5 mm. At a
working distance of 4.1 mm, we can estimate the beam deflection angle
required to be 20.1°.

Based on these results, the aluminium fibre was polished at a 30°
angle and tested with the micro-camera. The polishing angle was incre-
mentally increased up to 35°, where the excitation profile was considered
optimal. This angle provided sufficient beam steering to centre the exci-
tation profile while minimizing side emission and internal reflections.

This solution was arrived at empirically, primarily through trial an
error. The use of angled fibre tips has been somewhat explored in the
literature [109-112], but a more systematic investigation of their potential
in an application such as this one could be of interest in the future.
With further development, this approach could be generalised to other
miniature optical systems where beam steering is required within tight
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Figure 6.11: Excitation profile at the sample plane. ) Before using
the 35° angled fibre, showing off-centre illumination. (b) After using the
35° fibre, showing much-improved alignment. The excitation profile was
measured by imaging a piece of uniform fluorescent card.

spatial constraints

6.4.4 Final excitation profile

Figure 6.11 shows the excitation profile before and after implementing
the 35° angled fibre. In the initial configuration (a), the excitation spot is
localised to one corner. After switching to the 35° fibre (b), the excitation
is more centrally aligned and more widely spread. The resulting profile is
far from perfect and this would be a key area of focus for future designs.
However, this adjustment is a clear improvement and was critical for
ensuring sufficient excitation across the field of view.

6.5 Characterisation of the FLIm micro-camera

The fully assembled FLIm micro-camera system is shown in Figure 6.12.
To evaluate the performance system, a comprehensive characterisation
was carried out, focusing on both spatial and temporal performance and
demonstrating FLIm of unlabelled ex vivo animal tissue samples. This
characterisation is presented in detail in Paper IIT and is further sup-
ported by the case study described in Paper IV.

Spatial resolution was assessed using a USAF resolution test target,
with the system resolving features down to 27.8 ym. Temporal perfor-
mance was characterised by measuring the system impulse response func-
tion (IRF), which was found to be >1ns, enabling accurate fluorescence
lifetime measurements.

Benchmarking against a TCSPC system using commercial lifetime
standards also showed good agreement. Additional validation using solid-
state FLT standards confirmed the system’s ability to resolve multiple
lifetimes within a single field of view. These results demonstrate that
the micro-camera meets the requirements for miniaturised FLIm and
supports its potential for clinical translation.

6.6 MPE evaluation

Using the same methodology as for the previous systems described in
Section 5.1.4, the exposure from the chip-on-tip FLIm micro camera is
assessed and compared with MPE values. In this instance, the excitation
light is delivered to the sample from a 0.22 NA optical fibre. At the
working distance of 5mm, >99 % of the beam passes through the limit-
ing aperture diameter of 3.5 mm; therefore, the full laser power is used as
a conservative approximation. Averaged over the limiting aperture, the
peak irradiance from a single excitation pulse is 1.45 x 10* Wm™2, and
the time averaged irradiance is 30 Wm™2. For 375nm, the applicable

Figure 6.12: The fully assembled
chip-on-tip FLIm micro-camera,
including the EndoCam SPAD ar-
ray, GRIN-lens, long-pass emission
filter, and angled excitation fibre.
The device has a 4mm outer di-
ameter and 10 mm rigid length.
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skin limits are of 3 x 10'® Wm™2 for nanosecond time scales, and a cu-
mulative radiant exposure limit of 10* Jm~2 for long term exposure. The
single pulse irradiance delivered by the system is several orders of magni-
tude below the corresponding limit. For cumulative radiant exposure at
30 Wm™2, the limit of 10* Jm~2 would be exceeded after approximately
330s of continuous illumination of the same tissue region. The images
of ex vivo tissue acquired with this system presented in Paper III used
an integration time of ~30s per image, less than one tenth of the time
required to exceed the MPE assuming the beam and sample are sta-
tionary. Therefore, the exposure delivered during a typical acquisition
remains well within conservative safety margins.

6.7 Discussion

Compared to the state-of-the-art FLIm systems reviewed in Chapter 3,
the chip-on-tip FLIm micro-camera represents a significant advancement
in system integration and simplification. The system requires no mechan-
ical motion for imaging, offering a more robust and simplified approach
compared to point-scanning systems.

Existing fibre-bundle-based systems have smaller outer diameters
(2.3mm in [81], 2.4mm in [80], and 2.6 mm in [66]), but these require
external detection modules and more complex optical paths. In contrast,
the 4 mm diameter of the micro-camera includes fully integrated detec-
tion and imaging optics, representing a more compact and self-contained
solution overall. Furthermore, the current outer diameter is partly con-
strained by the physical footprint of the EndoCam chip, which, although
designed with a functional footprint of 1.4mm x 1.4mm, has a diced
size of approximately 1.4mm x 2.0mm due to layout and fabrication
constraints as mentioned in Chapter 4. Future iterations using a ded-
icated wafer could reduce this footprint, offering a clear path towards
even more compact designs. In addition, future designs could explore
the use of smaller diameter lenses to further reduce the system profile.

The spatial resolution of the micro-camera, measured at 27.8 pm, is
not as high as that achieved by scanning endomicroscopes, which can
reach sub-micron resolution (e.g., 0.7pm in [73] and 1.4pm in [66]).
These systems are typically designed for cellular-level imaging and often
have very small fields of view, making them well-suited for microscopic in-
terrogation but less practical for imaging larger areas or for navigational
imaging. However, the micro-camera’s spatial performance is compa-
rable to other wide-field FLIm systems, such as those reported by Sun
et al. [77] and Cheng et al. [82], which achieved resolutions of approxi-
mately 35 pm, and by Sparks et al. [81] which achieved a resolution of
approximately 20 pm.?

The system’s temporal resolution, with an IRF width of less than
1ns, is sufficient for resolving nanosecond-scale fluorescence lifetimes.
This enables accurate lifetime measurements across a range of biological
fluorophores and supports the system’s suitability for FLIm applications.

In the characterisations presented in Paper III and Paper IV, the
acquisition time per image was relatively long (30s to 75s), due to the
use of full gate sweeps and high photon count integration for accurate
benchmarking. However, faster imaging with the same detector has been
demonstrated in other studies. For example, in Matheson et al. [98],
a handheld system using the EndoCam demonstrated FLIm at a frame
rate of approximately 1 Hz using rapid lifetime determination (RLD) with
only two time-gates. This highlights a key area for future optimisation.
In the EndoCam, the acquisition time scales linearly with the number

2The reported resolution for this device was 251p/mm which corresponds to a line
width of ~20 pm.
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of gates measured; therefore, reducing the number of gates represents a
straightforward and effective way to improve the achievable frame rate.
The main drawback with this approach is a reduction in temporal sam-
pling, which will generally lead to a decrease in lifetime precision. Further
work will be required to determine the minimum number of gates neces-
sary for different clinical use cases, balancing acquisition speed with the
level of precision needed to maintain meaningful contrast. Such improve-
ments would be essential for real-time clinical applications, including
intraoperative guidance and dynamic tissue monitoring.

Beyond acquisition speed, system safety is another critical require-
ment for translation. Notably, the chip-on-tip FLIm micro-camera (as
with the bench-top and handheld systems presented in Chapter 5) per-
formed lifetime imaging while remaining comfortably within maximum
permissible exposure limits. This confirms that time-domain FLIm us-
ing miniaturised SPAD arrays can be performed safely at powers suitable
for biological tissue, further supporting the feasibility of future in vivo
studies using similar architectures.

Overall, the chip-on-tip FLIm micro-camera closes a key gap identi-
fied in Chapter 3; it demonstrates that wide-field, time-resolved imaging
can be achieved in a compact form factor without the need for fibre
bundles or distal scanning. There remain clear avenues for optimisation
including excitation uniformity and alignment, acquisition speed, and
further miniaturisation. However, these results support the idea that
miniaturised SPAD arrays provide a promising platform for endoscope-
scale wide-field FLIm. These insights directly inform future refinement
and pave the way for clinically deployable devices.

6.8 Summary

In this chapter the design and development of a compact chip-on-tip
FLIm micro-camera system based on the EndoCam SPAD array has been
presented. With an external diameter of 4mm and a rigid length of
10mm, the system is the first of its kind at a scale compatible with
endoscopic applications.

Key engineering challenges were addressed, including sensor interfac-
ing, optical design, mechanical packaging, and excitation light delivery.
A custom flexible PCB, GRIN lens-based optics, and 3D-printed housing
were developed to meet the constraints of miniaturisation. Issues such
as stray fluorescence and off-centre illumination were mitigated through
the use of aluminium-coated fibres and angled fibre tips.

The system was validated through spatial and temporal characterisa-
tion, benchmarking against a TCSPC system, and testing with solid-state
FLT standards. These results collectively demonstrate that chip-on-tip
SPAD-based FLIm is technically feasible, and they establish a practical
foundation for future optimisation and eventual in vivo translation.
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CHAPTER [

This chapter summarises the key contributions of the thesis and outlines
potential directions for future work. The aim of this thesis was to develop
and validate novel tools for in vivo fluorescence lifetime imaging (FLIm)
using miniaturised SPAD arrays, with a particular focus on enabling chip-
on-tip FLIm for endoscopic applications. The work presented here spans
the design, integration, and validation of multiple FLIm systems, cul-
minating in the first demonstration of a chip-on-tip FLIm micro-camera
which is small enough for endoscopic applications.

7.1 Key contributions

7.1.1 Integration of the EndoCam into bench-top and
hand-held imaging systems

To explore the potential of SPAD arrays for wide-field in vivo FLIm, the
EndoCam was integrated into two distinct imaging platforms: a bench-
top system for metabolic imaging and a handheld system for portable di-
agnostics. The bench-top system was developed to enable lifetime-based
pH imaging of tumour tissue in combination with solid-state planar fluo-
rescent sensors. This required custom PCB design for remote EndoCam
operation, and a tailored optical setup optimised for spatial and spectral
performance. The system was successfully applied for metabolic imaging
of ex vivo mouse tissue samples as presented in Paper I, demonstrating
its potential for future in vivo applications in accessible sites such as the
skin or oral cavity.

To address the need for portability in clinical and intraoperative set-
tings, a miniaturised handheld system was also developed. It was vali-
dated through measurement of polymer beads having different lifetimes
and through imaging of stained porcine tissue, achieving a spatial resolu-
tion of 12.4 pm and demonstrating wide-field FLIm capability in a com-
pact format. While not the primary focus of this thesis, the handheld
system illustrates the broader applicability of the EndoCam platform,
which has since been further developed by other researchers [7, 98, 99].

Together, these systems demonstrate the versatility of SPAD arrays
for wide-field FLIm and establish the EndoCam’s effectiveness in both
research and potential clinical contexts. They also laid the foundation
for the development of a chip-on-tip FLIm micro-camera for endoscopic
use.

7.1.2 Chip-on-tip FLIm micro-camera

To support the clinical translation of FLIm, this work aimed to demon-
strate that wide-field lifetime imaging could be achieved using a com-

67



7.1.3 Solid-state FLT standards for system validation

68

pact, chip-on-tip device. This work contributes toward the broader goal
of translating fluorescence lifetime imaging from a specialist, research-
grade technique into a technology suitable for routine use in clinical and
diagnostic settings.

The resulting micro-camera, based on the EndoCam SPAD array,
has a diameter of 4mm and a rigid length of 10 mm making it the first
demonstration of wide-field chip-on-tip FLIm at a scale compatible with
endoscopic applications. Key engineering challenges, including sensor
interfacing, optical alignment, mechanical packaging, and excitation light
delivery, were addressed through the development of a custom flexible
PCB and 3D-printed housing. These elements enabled the integration of
the EndoCam, along with miniature imaging optics and excitation light
delivery, into the compact device. Stray fluorescence and illumination
misalignment were mitigated using aluminium-coated fibres and angled
fibre tips.

The system was validated through spatial and temporal characterisa-
tion, benchmarking against a TCSPC reference (Paper III), and testing
with solid-state FLT standards (Paper IV). These results confirmed its
suitability for wide-field FLIm and its potential for clinical translation.
This work demonstrates the feasibility of integrating SPAD-based life-
time imaging into ultra-compact formats for clinical applications.

7.1.3 Solid-state FLT standards for system validation

To address the lack of robust, reproducible tools for validating FLIm sys-
tems, this thesis introduced a set of solid-state fluorescence lifetime (FLT)
standards using dyed epoxy resins. These were developed to support con-
sistent benchmarking and facilitate clinical translation. The standards
span lifetimes from sub-nanosecond to over 3.5 ns and were shown to be
photostable and fabrication-repeatable.

Their application in validating the chip-on-tip FLIm micro-camera
demonstrated strong agreement with bench-top TCSPC measurements
and revealed platform-dependent lifetime biases, highlighting the impor-
tance of cross-platform benchmarking. By enabling simultaneous assess-
ment of spatial and temporal resolution, these standards provide a prac-
tical, scalable tool for system calibration. They help address a key barrier
to clinical adoption of FLIm and offer a foundation for standardisation,
regulatory alignment, and widespread use in both research and diagnostic
imaging workflows.

7.2 Future work

7.2.1 Micro-camera packaging and clinical readiness

Translating the FLIm micro-camera into a clinically deployable device
will require further refinement of its physical design. Waterproof pack-
aging, sterilisable materials, and robust mechanical integration are es-
sential for safe and practical use in clinical environments. Additionally,
the imaging optics must be optimised for consistent performance across
manufacturing batches and use cases.

Beyond engineering, clinical validation is another critical next step.
This includes pilot studies in relevant clinical settings, such as intraop-
erative imaging or point-of-care diagnostics, to assess usability, workflow
integration, and diagnostic value. Feedback from clinicians and end-users
will be vital in guiding design iterations and ensuring the system meets
real-world needs.

An alternative system architecture is to position the EndoCam at the
proximal end of an optical fibre bundle endoscope rather than at the
distal tip. However, this configuration would forfeit many of the benefits
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that motivated the chip on tip approach. One of the principal advantages
of using a distal end detector is the avoidance of fibre bundle autofluo-
rescence, wavelength dependent dispersion, and inter core variability, all
of which degrade the temporal precision and signal strength in FLIm
measurements. Relocating the EndoCam to the proximal end would re-
introduce these limitations and undermine the fundamental rationale for
using a miniaturised SPAD array.

At the same time, using the EndoCam proximally offers no clear ad-
vantage in environments where size is not constrained. The EndoCam
was deliberately designed with substantial compromises in temporal res-
olution and readout architecture to achieve such a small footprint. If the
detector is placed at the proximal end, where space is ample, it would be
more appropriate to use a larger, high performance SPAD camera, such
as the commercial systems discussed in Chapter 3, which provide sig-
nificantly higher photon throughput and temporal resolution. For these
reasons, using the EndoCam proximally is unlikely to provide practical
or performance advantages in endoscopic applications. However, a sys-
tematic comparison of future chip on tip FLIm micro cameras with fibre
bundle based systems that use state of the art proximal end SPAD cam-
eras would be of significant interest. Such studies would help quantify
the trade-offs between distal and proximal detection and further clarify
the most suitable system design for clinical deployment.

7.2.2 TIllumination design

Efficient and uniform excitation light delivery remains a key challenge in
miniaturised wide-field FLIm systems. FLIm measurements are less sen-
sitive to intensity variations, as lifetime measurements are independent
of absolute signal strength. This allows for some relaxation in illumi-
nation uniformity requirements, provided that sufficient photon counts
are achieved across the field of view. Nonetheless, improving excitation
efficiency remains important for reducing acquisition time and enhancing
signal-to-noise ratio, especially in low-fluorescence environments.

In this work, an angled fibre tip was used to direct light across the
field of view. This approach was effective and enabled functional imag-
ing performance; however, there remains room for improvement in both
efficiency and integration.

A key limitation arose from the use of a metal-coated fibre, which
was necessary to suppress stray light due to the use of 3D-printed plastic
components in the housing. However, the metal-coated fibre used here
has a limited numerical aperture (NA), reducing the divergence of exci-
tation light delivered to the sample leading to regions in the image with
inadequate excitation power. Future iterations using machined metal
components, in place of the plastic 3D-printed parts, could eliminate the
need for metal-coated fibres and allow the use of higher-NA fibres; this
would improve the uniformity of the excitation profile.

Intensity-based micro-camera systems have used multiple illumina-
tion fibres to achieve homogeneity [13, 113]. The use of multiple fibres
is worth exploration but may introduce an offset in the excitation pulse
arrival times from each fibre. In fact, Sparks et al. [81] observed a spa-
tially non-uniform IRF with their wide-field fibre-bundle FLIm system
due to different modal propagation speeds in a single multi-mode fibre.
These effects would need to be carefully monitored and compensated for
if multiple fibres are to be used.

7.2.3 Excitation source development

Further to the points above, in many commercial white-light endoscopes,
illumination is provided by a white LED with a very wide illumination an-
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gle mounted at the distal end of the endoscope. Pulsed excitation sources
suitable for distal mounting are not yet available at the wavelength range
required for FLIm. The laser sources used in this work, while effective,
remain bulky and expensive, limiting the portability of the overall sys-
tem. Although these sources are not required to be single-use, their size
and cost are barriers to broader deployment.

Compact pulsed sources in the NIR range have already been de-
veloped for use in LiDAR and time-domain diffuse optics applications
[114, 115]. If similar sources can be developed in the UV range, they
would significantly enhance the portability of FLIm systems, support-
ing their use in outpatient clinics, operating theatres, and other space-
constrained environments.

7.2.4 Connectivity and data transmission

Stable data transmission over long cable lengths is a known challenge
in endoscopic systems. In this work, signal integrity was a limiting fac-
tor, particularly at higher clock speeds. Commercial solutions for micro-
camera devices, such as the ams NanEye, demonstrate stable operation
over 3m of cable at 30 MHz to 40 MHz. At these cable lengths, signal
propagation time between the board and the chip can lead to a loss of
synchronisation. In the case of the NanEye, the data sent from the micro-
camera to the board is sampled at 750 MHz (> 10x the clock frequency);
this enables detection of the signal transitions and reliable extraction of
the data [116]. Future chip-on-tip FLIm systems will require similarly
robust connectivity solutions.

This is increasingly important as endoscopic systems become more
data-intensive; the implementation of more sophisticated imaging tech-
niques, such as FLIm, requires faster data rates to maintain adequate
imaging speeds. At Tyndall, there is active research into using optical
communication with chip-on-tip endoscope systems to address this chal-
lenge [117, 118]. Additional efforts are also underway to achieve optical
powering of chip-on-tip micro-cameras [119]. Together, these develop-
ments could increase data transmission rates and eliminate the need for
direct electronic connections to the distal end of chip-on-tip endoscopes.

7.2.5 Advancing SPAD imagers for FLIm

The EndoCam SPAD array has proven effective for wide field FLIm in a
chip on tip micro camera device. However, the development of the En-
doCam began nearly a decade ago, and SPAD technology has progressed
significantly since then. Modern SPAD imagers benefit from markedly
improved fill factors, reduced timing jitter, lower dark count rates, and
substantially higher photon detection efficiencies. These enhancements
directly influence the photon budget and therefore the minimum inte-
gration time required to achieve reliable lifetime estimates. Increased
detection efficiency reduces the number of excitation cycles needed to ac-
cumulate the required photon counts, enabling either shorter acquisition
times and higher frame rates, or alternatively improved lifetime precision
within the same measurement duration. A next generation miniaturised
sensor incorporating these advances would therefore deliver better sen-
sitivity, finer spatial performance, and substantially improved imaging
speed.

In parallel, the integration of on chip lifetime extraction represents
another promising route for future FLIm systems. By performing the
lifetime estimation directly on the sensor, rather than transmitting full
decay curves, data bandwidth requirements can be reduced by orders
of magnitude. This approach has already been demonstrated in larger
SPAD arrays by Li et al. [120], where hardware level processing provided
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fast and resource efficient lifetime estimation. Incorporating similar func-
tionality into a chip on tip FLIm micro camera would significantly reduce
the volume of data that must be transmitted along the endoscopic cable,
mitigating a major bottleneck and enabling higher frame rates. Such
architectures could also open the possibility of dynamic or adaptive ac-
quisition, with gate timing or exposure adjusted in real time based on
photon statistics at each pixel.

A further promising direction is the development of SPAD imagers
that support on chip frequency domain demodulation for FLIm. Fre-
quency domain lifetime estimation requires only the extraction of phase
and modulation information, and therefore inherently demands much
lower data throughput than time domain methods. While FD FLIm
cannot resolve complex multi exponential decay profiles as robustly as
time domain approaches, it may still provide adequate contrast for many
diagnostic applications. For clinical tasks such as real time margin as-
sessment, tissue classification, or metabolic monitoring—where a single
effective lifetime parameter is often sufficient, frequency domain SPAD
imagers offer a compelling combination of speed, simplicity, and band-
width efficiency.

Together, these directions in SPAD imager development represent
complementary ways in which the performance of future chip on tip FLIm
systems could be substantially enhanced. Their integration into next
generation devices may help support the high frame rates, sensitivity,
and robustness required for translation of wide field FLIm into routine
clinical workflows.

7.2.6 Standardisation and regulatory pathways

As FLIm systems move closer to clinical adoption, standardisation and
regulatory alignment will become increasingly important [121, 122]. The
solid-state FLT standards developed in this work and described in Pa-
per IV contribute to addressing this, but more work is still required
to provide a foundation for consistent benchmarking and cross-platform
validation. Tools such as the solid state FLT standards can support the
development of quality assurance protocols and facilitate engagement
with regulatory bodies.

Future work should focus on expanding the range of available stan-
dards, improving material homogeneity at the microscopic level, and con-
tributing to broader efforts in defining performance metrics and valida-
tion procedures for clinical FLIm instrumentation.

In addition to technical benchmarking, future work should con-
sider alignment with international regulatory frameworks. For exam-
ple, ISO 13485 outlines quality management systems for medical devices,
while ISO 10993 addresses biocompatibility testing. For clinical deploy-
ment in Europe, compliance with the Medical Device Regulation (MDR
2017/745) is required, and in the United States, FDA approval may be
necessary depending on the intended use. Early engagement with these
standards can streamline the translation of FLIm systems from research
prototypes to approved clinical tools.

7.3 Final remarks

The work presented in this thesis demonstrates the feasibility of integrat-
ing SPAD based fluorescence lifetime imaging into compact, application
ready systems. By addressing key engineering challenges and validating
performance across multiple platforms, this research lays the groundwork
for the clinical translation of FLIm technology. A central motivation
throughout this work has been the broader goal of translating fluores-
cence lifetime imaging from a specialist, research grade technique into a
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technology suitable for routine use in clinical and diagnostic settings. The
development of miniaturised, chip on tip FLIm systems and robust solid
state lifetime standards represents a significant step toward this vision,
enabling practical deployment in real world healthcare environments.
Although the systems developed here achieve functional wide field
lifetime imaging in a form factor compatible with endoscopic use, it is
important to acknowledge that their performance does not yet surpass
that of established technologies. Techniques based on TCSPC, gated
image intensifiers, and frequency domain detection continue to provide
superior temporal resolution, photon efficiency, and multi exponential
fitting capability. The compromises inherent to miniaturisation, such
as reduced fill factor, reduced temporal resolution, and lower photon
throughput, mean that considerable innovation will be required before a
chip scale system can match the absolute performance of these laboratory
grade instruments. In the near term, the value of this work lies not
in outperforming the state of the art, but in demonstrating a viable
technological pathway toward compact, clinically integrated FLIm.
Importantly, the innovation presented in this thesis is not incremen-
tal improvement over existing high-performance systems but the demon-
stration of a platform with fundamentally different long term advantages.
Because SPAD arrays can be fabricated using standard CMOS processes,
future devices have the potential to be manufactured at wafer scale, en-
abling low cost, disposable, chip on tip FLIm endoscopes. Such scalability
is simply not achievable with conventional FLIm technologies that rely
on bulky detectors and complex optomechanics. As SPAD technology
continues to develop, the performance gap is likely to narrow, bringing
miniaturised devices closer to the required levels of performance while
retaining their advantages of size, integration, and manufacturability.
The solid state FLT standards developed here further support this
transition, offering a scalable route to standardisation and regulatory
alignment. As SPAD technology advances, and as clinical interest in
label free optical diagnostics grows, the tools and systems developed in
this thesis are well positioned to contribute to the next generation of
biomedical imaging
This work builds on the prior efforts in translational FLIm outlined in
Chapter 3 by leveraging miniaturised SPAD array technology for wide-
field chip-on-tip FLIm. Hopefully this provides a platform upon which
subsequent systems can be developed to realise the full potential of FLIm
in diagnostics and surgical guidance.



COMMENTS ON THE PAPERS

I Metabolic imaging of tumor tissue samples using planar
fluorescence lifetime-based pH sensors and a SPAD array
imager
In this paper the bench-top wide-field FLIm system using the
EndoCam is applied in combination with planar solid-state
pH sensors for metabolic imaging of ex wvivo mouse tumour
and muscle tissue. The system enabled spatially resolved pH
mapping and revealed differences in extracellular pH between
the different sample types. The data and analysis code used for
this publication have been made publicly available on Zenodo [123].

I contributed significantly to the initial project ideation. I
designed and constructed the FLIm imaging system to meet the
desired specification. I led the planning of all measurements which
were performed by myself, Liang Li who developed and fabricated
the solid-state pH sensors, and Ciaran Devoy who managed the
mice used for the tissue study and prepared all tissue samples. I
performed all data analysis and co-wrote the manuscript.

II Time resolved SPAD micro-camera probe for wide-field
FLIm in microendoscopy
This conference paper introduces a miniaturised, handheld wide-
field FLIm system using the same SPAD array. The system was
validated through imaging of resolution targets, lifetime-encoded
beads, and biological samples, demonstrating its potential for
portable diagnostics.

I designed and assembled the miniaturised optical system
and custom PCB, performed all experimental measurements and
data analysis, and led the manuscript preparation.
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II1

I\Y

Chip-on-tip fluorescence lifetime imaging micro-camera
toward endoscopic applications

This paper presents the first chip-on-tip FLIm micro-camera with
a 4mm diameter, integrating a miniaturised SPAD array, imaging
optics, and excitation light delivery. The system was characterised
for spatial and temporal performance and demonstrated through
imaging of unlabelled ez vivo animal tissue. The data and analysis
code used for this publication have been made publicly available
on Zenodo [124].

I led the design of the micro-camera including the develop-
ment of the optical and mechanical integration strategy. Walter
Messina designed the custom flexible PCB in collaboration with
Ray Burke. The micro-camera assembly and design iteration
was carried out by myself and Noreen Nudds. 1 performed all
measurements and data analysis and led the writing of the
manuscript.

Development of solid-state fluorescence lifetime
standards for clinical applications using dyed epoxy resins
This manuscript introduces a set of solid-state FLT standards
for system validation, fabricated using dyed epoxy resins. The
standards were characterised for lifetime, intensity, stability, and
uniformity, and applied to benchmark the chip-on-tip FLIm micro-
camera. The data and analysis code used for this publication have
been made publicly available on Zenodo [125].

The idea was conceived by Sanathana Konugolu Venkata Sekar
and further developed by myself, Stefan Andersson-Engels, and
Katarzyna Komolibus. 1 designed and constructed the TCSPC-
based system used for lifetime measurements. 1 co-supervised
Keela Hughes who fabricated and tested initial versions of the
FLT standards with the assistance of Sara Fugenia Gardufiio
Gomez, and automated the data acquisition and lifetime fitting
with the TCSPC system. The FLT standards measured for the
manuscript were fabricated by Sanathana Konugolu Venkata Sekar
and Katarzyna Komolibus. Confocal FLIM measurements were
performed by Hasti Yavari. All other measurements and additional
analysis presented in the manuscript were performed by myself,
and I led the writing of the manuscript.
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ABSTRACT

Extracellular pH (pHe) is an important indicator of the homeostatic condition of mammalian tissue and its
pathophysiological state such as tumor development and tissue acidosis. Optochemical sensors with internal
referencing capabilities can perform dynamic quantitative imaging of pHe in live tissue samples. Here we have
used planar solid-state pH sensors based on a fluorescent octaethylporphin-ketone (OEPK) dye in plasticized PVC
matrix, which produce robust fluorescence lifetime response in the physiological pH range and stable lifetime
calibration. A custom-built fluorescence lifetime imager, with a 405 nm picosecond diode laser excitation and a
photon counting SPAD array detector (120 x128 pixels) with wide-field Fluorescence Lifetime Imaging (FLIM)
capability, was used to image the planar pH sensor brought in contact with freshly excised normal and tumor
tissue. The FLIM based sensor system has demonstrated good analytical performance and suitability for in vivo
use. Producing detailed maps of tissue pHe, such sensors can facilitate a deeper understanding of tissue meta-

bolism and physiology, and can find use in fluorescence guided surgery of solid tumors.

1. Introduction

Different tissues and cells of the human body are set to function
under specific metabolic conditions, which correspond to their physio-
logical roles. Maintenance of the physiological homeostasis in all tissues
is therefore critical for the normal functioning of the organism, while
significant deviations from the norm can impair the organism and even
cause death.

The metabolic networks of human and animal cells involve a number
of pathways, the major ones being oxidative phosphorylation (OxPhos),
glycolysis and tricarboxylic acid (TCA) cycle, complemented by the
pentose phosphate, glutaminolysis and fatty acid oxidation pathways
[1-3]. The different energy-generating pathways are interlinked and
cross-regulated, so they can respond to altered energy demand (e.g.
exercise for muscle tissue), substrate availability (e.g. hypoxia in can-
cer), and stress condition (e.g. oxidative stress or drug treatment) [3,4].

* Corresponding authors.

This feature allows the cells to compensate for dysfunctional pathways
and mitigate stress. Because of this, many common disease states have
characteristic metabolic signatures and adaptive or mal-adaptive re-
sponses in the affected cells and tissues [5-7]; knowledge of these
characteristics can be useful in the development of efficient therapeutic
interventions and pharmacological treatments.

A number of analytical techniques and biomarkers are currently used
to probe tissue metabolism, in either in vitro or in vivo settings [3,8,9].
Thus, the OxPhos flux can be assessed by measuring oxygen consump-
tion rate (OCR) of host cells in vitro. Similarly, glycolytic flux and TCA
cycle activity can be assessed by measuring the release of the acidic
species (lactate/H™ and CO,, respectively) from the cells, i.e. extracel-
lular acidification rate (ECAR) [3]. The use of optochemical sensors has
greatly facilitated these tasks. Thus, the MitoXpress platform [3],
operating with a pair of soluble O and pH sensitive probes, and the XF
Analyzer platform [10], which uses solid-state O and pH sensors [11],

E-mail addresses: dario.angelone@tyndall.ie (D. Angelone), sanathana.konugolu@tyndall.ie (S. Konugolu Venkata Sekar).

https://doi.org/10.1016/j.snb.2025.137441

Received 21 November 2024; Received in revised form 5 February 2025; Accepted 12 February 2025

Available online 12 February 2025

0925-4005/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



Metabolic imaging of tumor tissue samples using planar fluorescence lifetime-based pH sensors and a SPAD

array imager

98

D. Angelone et al.

and the corresponding assay settings, provide simple and accurate
measurement of the OCR and ECAR, by means of a phosphorescent Oz
sensor and a fluorescent pH sensor, respectively. They allow rapid,
high-throughput, multi-parametric metabolic assessment of cells under
different conditions generating their characteristic metabolic signatures.

Metabolic assessment of live tissue by imaging techniques in in vivo
or ex vivo settings is also of high interest [12]. Here, photoluminescence
lifetime based sensing systems are particularly advantageous, as this
detection mode with internal referencing capabilities allows the use of
disposable, calibration-free (batch calibrated), low-cost sensor probes
for the relevant analytes [13,14]. Thus, advanced
quenched-phosphorescence O, imaging systems operating with intra-
vascular cell-impermeable O, probes [15-17], cell-permeable probes
injected into tissue [18], or planar O, sensing foils applied onto skin or
tissue [19], coupled with Phosphorescence Lifetime IMaging (PLIM)
detection [13,16,20], have been described.

On the other hand, optical sensor-based imaging systems for other
key markers of tissue metabolism are less developed and rarely used in
clinical settings. Thus, monitoring of tissue acid-base homeostasis is
important, especially in tumors which have enhanced glucose catabo-
lism and production of acid (lactate and H") [21]. Although tumor cells
can maintain a normal or alkaline intracellular pH (pHi), their major
acid load is transported outside where it cannot be removed due to poor
perfusion and disorganized vasculature. This reduces extracellular pH
(pHe) leading to acidosis of tumor tissue [21,22], also known as War-
burg effect [23,24]. Low pHe in solid tumors promotes cell proliferation
(maximized at pHe 6.8 vs 7.3 for normal cells) and metastases, and
contributes to cancer aggressiveness and the outcomes of anti-cancer
therapy [25].

Techniques currently explored for imaging tumor pHe, which
include Magnetic Resonance Imaging and Spectroscopy (MRS-32P,
MRS-'°F, MRS-'H), Positron Emission Tomography, Electron Para-
magnetic Resonance, Optical Imaging and Photoacoustic Imaging [22,
24], suffer from inadequate sensitivity, selectivity (cross-sensitivity with
pHi), accuracy and spatial resolution, invasiveness, toxicity and hazard
of the contrast agents, etc.; these factors limit their adoption for di-
agnostics and treatment of cancer and solid tumors in humans [24].
From the above prospectives, optical sensor based Imaging techniques,
particularly fluorescence lifetime imaging (FLIM) of tissues [26], hold
promise.

Photoluminescence lifetime detection modality is becoming
increasingly popular in optochemical sensing and bio-imaging [13,15,
16,20,26]. This internally referenced (i.e. independent of the lumino-
phore concentration) readout helps reduce measurement artefacts and
achieve accurate quantification of the analyte without tedious
re-calibrations and control measurements [20]. It is particularly effi-
cient in quenched-phosphorescence sensing of O, in PLIM mode, where
microsecond lifetimes are measured [16,18], whereas the measurement
of fluorescence lifetimes in the low nanosecond time range and FLIM
based sensing have been challenging so far. This is due to a low avail-
ability of sensor materials with robust ns lifetime response to analytes of
interest, and affordable and sensitive imaging detectors (2D array chips)
with time-correlated single photon counting (TCSPC), ns lifetime mea-
surement capabilities, and fast readout electronics.

Nowadays, this is beginning to change. Thus, sensing materials based
on fluorescent porphyrin dyes with useful spectral characteristics and
large lifetime response to pH in the physiological range, measured on
standard laser-scanning confocal FLIM-TCSPC microscopes equipped
with fast photon-counting PMT detectors, were recently described [27].
Furthermore, photon counting imaging detectors comprising 2D array
chips with accessory readout electronics, that can perform TCSPC and
lifetime measurements simultaneously in all pixels, are also coming to
the fore. One example is the TpxCam family of optical cameras [28], in
which the CMOS chip comprising a 256 x 256 pixel detector array with
time-stamping capabilities is integrated with fast readout electronics
and coupled with an image intensifier and pulsed LED or laser excitation
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[29]. While the system has single photon sensitivity and a high level of
integration, its temporal resolution (1.6 ns for Tpx4Cam cameras and
32 ns for the imager setup IRF [29]) is still inadequate for the majority of
common fluorophores with lifetimes of 1-5 ns, and the system requires
an image intensifier and is prohibitively expensive (>$50k). On the
other hand, 2-dimentional single photon avalanche diode (SPAD) array
detectors [30], which have single photon sensitivity and time stamping
functions with sub-nanosecond temporal resolution, look promising.
Such devices are produced with an increasing number of pixels -
currently up to 1 M [31].

Here we describe a new FLIM system for wide-field imaging of tissue
pHe, which uses a time-resolved SPAD detector with a minimum time
bin-width of 390 ps [32], and planar solid-state fluorescent sensors that
change their lifetime characteristic in response to pH [27]. The system is
demonstrated with a model of grafted tumors in mice, in which live
tissue excised from the animals is brought in contact with the pH sensor
and imaged ex vivo at different time points. Normal tissue samples are
also measured for comparison. The results produced are then discussed
from the physiological viewpoint.

The animal trial and FLIM experiments were designed to generate
initial sets of data of mean values and 2D maps of pHe for samples of
normal and tumor tissue imaged ex vivo. Specifically, with the aim of
answering the following questions: i) how does the pHe in tumor tissue
samples compare with that of normal muscle tissue; ii) are there any
detectable gradients of pHe within cross-sections of the imaged tissue;
and iii) is there a dependence between the tumor size/age (or the time it
was allowed to grow) and pHe?

2. Materials and methods
2.1. Preparation of disposable fluorescent pH sensors

A comprehensive description of the sensor preparation can be found
in [27] along with a demonstration of their ability to perform accurate
pH measurements with pH standard solutions over a range of 5.5 — 7.5.
Briefly, the pH sensing material comprised a protonable fluorescent dye,
octaethylporphin-ketone (OEPK), embedded in a plasticized PVC matrix
containing a proton transfer agent tetrakis-[3,5-bis(trifluoromethyl)
phenyl]borate (TFMPB) [27]. 4 ml of a sensor precursor cocktail con-
taining 2 % w/w PVC, 4 % w/w dioctyl sebacate 3 uM TFMPB and
0.08 mM OEPK in chloroform were prepared and applied in 200 uL al-
iquots onto 22 x 22 mm pieces of Mylar film, fixed in the sample holder
of a spin coater SCS 6800 (Kisco, Indianapolis, USA) rotating at
1000 rpm. The sensor coatings were allowed to dry inside the spin coater
(5 sramp and 55 s spin cycle), and then in an oven (1 h at 60°C). Batches
of thus produced disposable planar sensors (10-20 pieces in each batch)
were stored in a fridge at 4 °C until further use as solid-state sensors for
imaging pHe in tissue samples. A drawing of the chemical structure of
OEPK is presented in Figure S1.

In such pH sensors, the ionization mechanism for the OEPK
porphyrin dyes involves the addition of two protons to the nitrogen
atoms of the tetrapyrrole macrocycle. Thus, the OEPK dye can exist in
two spectral forms, the unprotonated free base, and the protonated
dication [33,34], which have different spectral and lifetime character-
istics. When protons from the sample move into the pH sensor, the
balance of the two lifetime components responds to the sample’s proton
concentration. The two forms are excitable with one light source (a
405 nm laser) and have sharp fluorescence bands at 600-700 nm. Based
on a calibration curve of lifetime and pH, the measured sensor lifetime
can be converted to its corresponding pH value.

2.2. Design of the FLIM imager and measurement setup
A schematic of the SPAD array FLIM system for imaging live (post-

mortem) tissue samples with fluorescence lifetime based planar pH
sensors, and a photograph of the system, including an inset image of a
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tissue sample covered in the solid-state pH sensor, are shown in Fig. 1.

The FLIM imager consisted of a 405 nm picosecond laser diode with
a pulse width of < 300 ps (BDL-405-SMN-F, Becker&Hickl) as an exci-
tation source pulsed at a repetition rate of 20 MHz; and a 1.4 x 1.4 mm
time-resolved SPAD array chip with 128 x 120 pixels as the imaging
detector. The chip utilizes free-running SPADs along with on-chip time-
gated photon counting for each pixel independently to enable widefield
FLIM. This detector has been previously used in a range of biomedical
and sensing applications [32,35-37]. The optical setup had an
epi-fluorescence configuration, the excitation beam was directed to-
wards the samples using a dichroic mirror (Semrock
FF506-Di03-25 x36) and collimated using an achromatic doublet
(Thorlabs AC254-100-B-ML, f = 100 mm). The fluorescence emission
was collected using the same lens, passed through a long-pass emission
filter (>600 nm, Thorlabs FEL0600) to remove the excitation light, and
imaged onto the detector using a microscope objective (Nikon LU Plan
Fluor 20x).

The imager had a working distance of ~100 mm, and imaged an area
of 10 x 10 mm. The imager is controlled using custom MATLAB code
via an FPGA board and the data analysis was also carried out using
MATLARB. For fluorescence lifetime measurements, photon counts were
acquired sequentially over 50 time-bins, each with a width of 390 ps. All
measurements were done under dark conditions to minimize noise. A
mono-exponential fit was performed for each pixel independently; the
range over which fitting was performed was from the first time-bin with
less than 90 percent of the peak photon counts to the first time-bin with
less than 20 percent.

2.3. Sensor calibration and stability tests

To allow translation from fluorescence lifetime to pH, a set of cali-
bration measurements with a range of pH standard solutions was per-
formed. Solutions of phosphate-buffered saline (PBS) at a range of pH
values from 4.5 to 7.5 at intervals of 0.5 were prepared. The disposable
PH sensors were placed in contact with the solution. The response time
of these sensors has been found previously to be ~1.5 min [27]; there-
fore, to ensure they had stabilized, the sensors were left in contact with
each solution for 3 min before the fluorescence lifetime (FLT) of the
sensor was measured using the FLIM imager. This process was carried
out using two clean, unused fluorescent sensors. The mean FLT at each
pH was then calculated, and a linear fit was performed over a relevant
range (5.5 — 7.0 pH).

Calibration measurements with PBS solutions were also repeated

W «—— SPAD detector
600nm long-pass filter

«—
| _— Dichroic mirror

<«
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laser source

Substrate with
pH sensor

/ Tissue sample
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with four sensors that had been in contact with ex vivo animal tissue; this
was done to assess the stability of the sensor response before and after
use with tissue samples. Two of these sensors were pre-treated by
soaking in fetal bovine serum (FBS) before contact with the tissue
samples, while the remaining two did not undergo any pre-treatment.
The tissue used for this process was muscle tissue taken from mice
immediately following euthanasia; this process is described in more
detail below.

2.4. Imaging test with pH standard solutions

For an initial assessment of the sensor’s pH imaging capabilities,
measurements were performed on a sensor with drops of two pH stan-
dard solutions (pH 5.5 and 6.5) placed on the sensor. A drop of each
solution was deposited on top of the sensor such that they could be
captured in one image by the FLIM imager, with the rest of the sensor
remaining dry. The sensor was then allowed to stabilize for 3 minutes
before being imaged as described in 2.2. A photograph of the opto-
chemical sensor with drops of pH standard solutions deposited on its
surface is shown in Figure S2.

2.5. Culturing of the cells and animal experiments

All animal procedures were performed according to the European
Union Directive 2010/63/EU amended by Regulation (EU)2019/1010,
as well as the national ethical guidelines of the Health Products Regu-
latory Authority (HPRA), under project authorization AE19130/1285.
Health statuses of all mice were monitored daily for the duration of the
experiments. There were no deaths outside humane euthanasia. Mice
were humanely euthanized by cervical dislocation after tumors reached
a size of 1.5 x 1.5 cm in diameter.

The female Balb/C mice (Envigo, UK) used in the experiments were
in good condition, disease free and weighed 16-22 g at 6-8 weeks of
age. They were kept in a conventional animal unit at a constant tem-
perature (22C) with a natural day/night light cycle. Standard laboratory
food and water were provided ad libitum. Before experiments, the ani-
mals were given an adaptation period of at least 7 days.

Murine colorectal carcinoma CT26 cells (the American Collections of
Cell Cultures) were maintained in high glucose Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10 % FBS, 2 mM L-gluta-
mine, 100 U/ml penicillin /100 pg/ml streptomycin, and 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.2 (complete
DMEM), in a humidified atmosphere of 95 % air and 5 % CO, at 37°C.

(B)

Fig. 1. A schematic of the measurement setup including the wide-field benchtop FLIM imager, the tissue sample in a petri dish covered with the pH sensor and placed
on a hot plate for temperature control (A) and a photograph of the measurement setup, including a vertical image of a tissue sample and pH sensor in a petri dish (B).

99



Metabolic imaging of tumor tissue samples using planar fluorescence lifetime-based pH sensors and a SPAD

array imager

100

D. Angelone et al.

For tumor induction, minimal tumorigenic doses of CT26 cells (1 x10°
cells in 200 pl of serum-free DMEM) were prepared and injected sub-
cutaneously into the animals, in the right flank. Following injection, the
tumors were allowed to grow and develop in the animals, and were
monitored daily. Tumor volume was measured and calculated according
to the formula: V = (L><W2)/2, where L is the longest diameter of the
tumor (length) and W is the longest diameter perpendicular to diameter
L (width).

2.6. Imaging of ex vivo tissue samples

At four defined time points after the injection of CT26 cells (on days
12, 15, 18 and 20), groups of five mice were taken from the animal fa-
cility for biological and imaging experiments. The measurement pro-
cedure for each animal was as follows. The animal was euthanized by
cervical dislocation, tumor tissue was excised immediately, cut across
and placed with its cross-section facing up on a standard Petri dish
(Sarstedt) on a heated plate (Grant, UK) set at 37 °C. The tissue sample
was covered with a planar pH sensor, such that the OEPK sensor coating
was in immersion contact with the wet tissue surface, incubated for
3 min to allow T-equilibration, and then fluorescence intensity and
lifetime images of the sensor were acquired. This procedure was
repeated for each animal in the group.

On day 18 a group of five untreated mice which had not been
injected with tumor cells were used for measurements as a control
group. In this instance a tissue sample primarily consisting of muscle
from the upper leg was excised and measured as described above. The
timeline for these measurements is summarized in Fig. 2

The time between animal euthanasia and the completion of the
measurement was approximately 8 minutes, though this was influenced
by the time taken to excise the samples. The temperature of the tissue
samples was monitored during the imaging sessions with an infrared
thermometer DT8803 (Duratool) to confirm that tissue temperature was
stable during FLIM measurements. A plot of the sample temperature
over time is presented in Figure S3.

Mean fluorescence intensity and lifetime values were calculated for
each sample. The mean values from the two tissue types were then
compared. The mean sample FLTs were then translated into a mean
sample pH value, using the linear equation obtained from the sensor
calibration process. A linear regression was then performed for tumor
development time and sample pH to investigate the relationship be-
tween these two parameters.

3. Results and discussion
3.1. Calibration results and sensor stability

The results of these experiments are summarized in Fig. 3. Fig. 3A
shows the FLT distributions of the new, unused sensors at different pH
values. From these results, it can be seen that there is a clear change in
the sensor FLT with pH over the measured range.

Fig. 3B is a plot of the mean sensor FLT at each pH value; there are
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three line-plots showing the results for the new sensors, the used sensors
which underwent no pre-treatment, and the used sensors which were
soaked in FBS solution before use. From these line plots it can be seen
that there is very little difference in the mean values obtained in each
case. There was also very little change in the width of the lifetime dis-
tributions for each calibration which are presented in Figure S4. These
results show that the sensor response to pH remained stable before and
after direct contact with tissue samples. From this it can be concluded
that the sensors perform adequately in biological media and with tissue
samples. Hence, the sensors can be used in the trial on a disposable basis
and without re-calibration.

By re-plotting the linear part of the calibration for the unused sensors
(pH range 5.5 - 7.0), inverting the plot axes (i.e. pHe vs LT) and fitting it
with a trendline (Fig. 3C), the following linear calibration equation was
obtained

pHe = 0.697+3.27 (€8]
where pHe is the extracellular pH of the tissue sample and 7 is the FLT in
ns (R? = 0.98). This linear equation allows simple conversion of
measured lifetimes of the sensor into pHe values and 2D maps of the
imaged tissue samples.

3.2. pH standard solutions imaging

The lifetime image of the sensor with drops of different pH standard
solutions was translated to a pH map using Eq. 1; this pH map is shown
in Fig. 4 A. The two drops are easily identifiable in the pH maps within
the two regions outlined. Region 1 indicates the pH 6.5 drop and has an
area of 15.8 mm? while region 2 indicates the pH 5.5 drop and has an
area of 13.5 mm?2. Histograms for the measured pH in these two regions
are shown in Fig. 4B. The mean measured pH for each of the regions are
pH 6.56 for region 1 and pH 5.47 for region 2. As with the calibration
measurements, there is a distribution of pH values for each drop; the
standard deviations are 0.16 for region 1 and 0.06 for region 2. When
averaged over the regions of interest the pH has been measured with an
error of > 0.1 compared to the true value of the pH standard solutions
deposited. This result demonstrates the capability of the sensor to
respond to spatial changes in pH, allowing the generation of pH maps
when imaged with the widefield FLIM imager.

3.3. Imaging of mouse tumor and muscle tissue samples

As the imager is a widefield system, fluorescent signals from the non-
focal planes are not explicitly eliminated or filtered. This configuration
is advantageous as it simplifies the imaging process but may also lead to
increased noise or interference. The fluorescence lifetime of interest is
that of the planar pH sensors, which are positioned at the focal plane of
the imager, while, for tissue imaging, the endogenous fluorescence of
the mouse tissue samples is the main potential source of interference. To
assess the significance of this interference, a preliminary measurement
was done of a mouse tumor sample both with and without the pH sensor

Tumour/normal tissues LT imaging (pH)
A
Il )\
0 @ 5 tumors 5 tumors 5 tumors 5 controls 5 tumors
T 26 Cells é é é .ﬁ é
o 12 14 17 18 20 .

Tumour development (days)

Fig. 2. Scheme of the animal study with sensor-based imaging of pHe in ex vivo tissue samples by FLIM. The day of tumor cell injection is referred to as day zero. On
days 12, 14, 17, and 20, five mice were euthanized, a tumor sample was excised from each, and analyzed. On day 18 five mice which had not been injected with
tumors were euthanized, a muscle tissue sample was excised from each and analyzed as a control group.
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Fig. 3. The fluorescence lifetime distributions of the unused OEPK based planar sensors exposed to the different pH standards (A), and the mean lifetimes from the
calibrations of the unused and used disposable sensors in fluorescence lifetime scale, N = 2 for each (B). The linear part of graph (B) with inverted axes and four
calibration points (pH 5.5 — 7.0) of the unused sensors fitted with trendline (C). The resulting calibration equation for pHe and R? value of the fitting are also shown
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Fig. 4. (A) The pH map of the optochemical sensor with drops of different pH
standard solutions deposited. Region 1 indicates the location of the drop with
pH 6.5 while region 2 indicates the location of the drop with pH 5.5. Histo-
grams of the two regions are shown in (B). The mean measured pH for region 1
was pH 6.56 and for region 2 was pH 5.47, with a standard deviation of 0.16
and 0.06 respectively. The areas of regions 1 and 2 are 15.8 mm? and 13.5 mm?
respectively.

deposited on top; fluorescence intensity images of this measurement are
presented in S5. The fluorescent signal from the sensor was observed to
be significantly greater than that of the tissue itself (>50 x). Therefore,
the contribution of the tissue fluorescence was considered negligible,
thereby simplifying the measurement procedure and analysis for the
main animal study.

Tumour

Muscle

x10°

Photon Counts
S

(9]

(E)

As presented in Fig. 2, a total of 25 animals were used in this trial: 5
mice represented a control group, from which normal muscle tissue was
taken, while 20 mice were used for the injection of CT26 cancer cells and
development of grafted tumors, from which tumor samples were taken
and analyzed 12, 14, 17, and 20 days after injection.

In Fig. 5, the fluorescence intensity (5 A and 5B) and lifetime (5D and
5E) images for one muscle sample and one tumor sample are presented
as representative examples. Two examples of photon decay curves
measured by individual pixels on the SPAD array are presented in
Figure S6 along with a plot of the fits obtained, and their residuals. The
decay curves presented are from the data used to generate Fig. SE.

The intensity and lifetime images are cropped to only include the
sample under analysis. The black dots on all images correspond to
defective SPADs in the array. Such defects are rare and do not prevent
the use of these imaging detectors. Pixel line plots along row 76 (indi-
cated by the blue and red dashed lines) for the two intensity images are
shown in Fig. 5C and for the two lifetime images in Fig. 5F. The FLT
distributions for these two samples are also presented in Fig. 5G. From
Figs. 5A and 5B there is a clear pattern that can be seen in both images;
this pattern is caused by a non-uniformity in the sensor thickness from
the deposition process. This pattern is also observed from the large
fluctuations in both line plots in Fig. 5C. There is also no clear difference
observed between these two samples based on fluorescence intensity.

Despite this non-uniformity in the sensor fluorescence intensity, the
sensor FLT for both samples appear stable across the sample area; this
also indicates there are no significant pH gradients observed within
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Fig. 5. Example fluorescence intensity (A and B) and lifetime (D and E) images of a control muscle tissue sample and a tumor sample taken on day 14. Cross-section
plots along pixel row 76 for both the samples’ intensity and lifetime images (as indicated with the blue and red dashed lines) are also presented (C and F) along with
the lifetime distributions for both samples (G).
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these two samples. However, while the FLT is stable within each sample,
there is a clear difference between the two samples. This is seen
immediately from the FLT images in Figs. 5D and 5E, and is confirmed
by the consistent difference between the two line plots in Fig. 5F and the
FLT distributions shown in Fig. 5G. The mean FLT for these two samples
was 4.83 + 0.01 ns (95 % confidence interval of the mean) for the
muscle sample and 5.85 =+ 0.01 ns for the tumor sample with a standard
deviation of 0.46 ns and 0.58 ns respectively. Using the calibration
equation obtained previously, this translates to a mean pHe value of
6.62 +£0.01 and 7.36 + 0.01 for the muscle and tumor samples
respectively.

Across all samples, there were no significant pH gradients observed.
This is likely due to the high homogeneity of each individual sample.
During the excision of the muscle samples, effort was made to use only
muscle tissue to maintain consistency. For the tumor samples, these
tended to grow in a self-contained manner, subcutaneously; therefore,
there was no mixing of tumor and healthy tissue or boundary regions in
the samples imaged in this study. In addition, none of the tumor samples
were observed to contain necrotic regions. The ethical approval for this
study prevented tumors from being developed for longer, but it is
possible that longer tumor development times would lead to the
development of necrotic regions within the samples, and therefore a
more heterogeneous pHe profile. For future work, it would be of interest
to image such heterogeneous samples with this platform to test if the
observation of significant pH gradients within such samples is possible.

3.4. Comparison of muscle and tumor samples

A one-way ANOVA test was applied to compare the mean fluores-
cence intensities and lifetimes for all 25 samples based on sample type. A
statistically significant difference was found in both cases (p = 0.04 and
p < 0.001 for the fluorescence intensities and lifetimes respectively).
The mean sensor fluorescence lifetime was 5.60 + 0.08 ns for the tumor
samples and 5.07 + 0.20 ns for the muscle samples from the control
mice. By applying the calibration equation, this translates to a mean pH
value of 7.17 + 0.06 for the tumor samples and 6.78 + 0.15 for the
muscle samples. Box plots of the mean sensor fluorescence intensities
and lifetimes are presented in Fig. 6.

While there is a statistically significant difference observed in both
intensity and lifetime, the differentiation between the mean lifetimes for
the two sample types is much clearer in the FLT measurements, as can be
seen by the much smaller p value which is obtained. Therefore, the
measurement system has successfully differentiated the tumor and
muscle samples.
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3.5. Longitudinal tumor pH measurements

Imaging the tumor tissue samples having different sizes and ages
(days 12, 15, 17, 20) revealed only minor differences in their lifetimes.
The tumor volume increased significantly over the measurement period;
the mean tumor volume for each measurement day is plotted in
Figure S7. A scatter plot of each sample’s mean pH against the tumor age
in days along with a trendline for this data is presented in Fig. 7. The
trendline included has an R? value of 0.25 and a Pearson correlation
coefficient calculated as —0.50. Mean pHe values on days 12 and 14
were 7.25 + 0.12 and 7.3 + 0.12, while on days 17 and 20 the mean pHe
values were 7.15 + 0.12 and 7.14 + 0.12 respectively.

This result reveals a slight decrease in the mean lifetimes towards the
end of tumor growth period although the R? and Pearson correlation
coefficient values indicate a moderate negative correlation between
tumor age and pHe. There is significant variation between the different
samples measured on each day, so the lack of a strong correlation is not
surprising. It is also important to consider that there are only five
samples for each date. As mentioned above, the ethical approval for the
study prevented the development of tumors for longer, a repeated study
with an increased number of samples over longer tumor development
times would help to further investigate the relationship between tumor
age and pHe.
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Fig. 7. A scatter plot of the tumor pH against the number of days after tumor
injection for all tumor samples measured in the study. The resulting equation
and trendline from a linear fit are also presented, indicating a moderate
negative correlation between tumor pH and age.
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Fig. 6. Box plots of the mean fluorescence intensities (A) and lifetimes (B) for the muscle and tumor samples. On each box, the central red line indicates the median
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The notches on each box indicate the 95 % confidence interval of the
median, and outliers are plotted individually with red markers. There was a significant difference found between the mean intensities (p = 0.04) and the mean

lifetimes (p < 0.001) for the different sample types.
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3.6. Comparison with literature data on tissue pH measurements

Surprisingly, the pHe values produced for the normal muscle tissue
samples were consistently lower than those of the tumor tissue. This is
seen from the example samples shown in Fig. 4 and is shown to be
persistent across the samples as a whole when the lifetime measure-
ments for all tumor and muscle samples are aggregated as shown in
Fig. 5. Thus, the pHe values produced in this study differ significantly
from those produced by the other methods and are widely accepted by
clinicians [24] (~7.3 in normal tissues and 7.0-6.5 in various tumors).

Such discrepancies in pHe values may be explained by i) the highly
invasive procedure of tissue excision and preparation: cutting tumor
across may release the more alkaline intracellular fluid which then
mixes with extracellular and shifts the measured pHe; ii) normal muscle
tissue being an inadequate control, or iii) a real lack of acidification in
grafted tumors produced by CT26 cells. However, another plausible
physiological explanation is the fact that the measurements were per-
formed ex vivo. For in vivo settings [38,39], tissue is perfused with blood
which constantly supplies key nutrients, particularly glucose and O,
and removes biological waste such as CO; and lactate, so natural ho-
meostatic conditions are preserved. In contrast, in our ex vivo settings,
the animals were sacrificed, and post-mortem tissue samples were
dissected and then analyzed. Such tissue samples lack natural perfusion
and metabolic homeostasis and, while cells are still alive, consume the
available nutrients and accumulate waste. The pH of blood samples from
humans, rats and pigs have previously been found to decrease signifi-
cantly post-mortem [40]. While tumor tissue is hypoxic and metaboli-
cally more active, normal tissue has higher O, and glucose capacity.
Therefore, after cutting off the glucose and Oy supply from the blood,
normal tissue can produce more lactate and H", and thus become more
acidic than the tumor tissue. In our view, such physiological theory can
explain the ‘inversion’ of the extracellular pH values for the grafted
tumors derived from CT26 cells and normal muscle tissue samples, when
analyzed under ex vivo settings. This effect is compatible with what is
observed in vivo - acidosis in tumors, due to increased anaerobic respi-
ration of their cells. Further investigation is required to fully understand
the cause of the pH differences observed here.

Nevertheless, all this does not undermine the high analytical per-
formance and practical utility of the FLIM based planar pH sensors and
the SPAD array based FLIM platform. They are well-suited for in vivo use,
particularly for fluorescence guided surgery [41,42] of live animal
models (and potentially humans), in which the sensor and the imager
can aid to visualize the borderline between malignant tumor and normal
tissue. And combined with parallel measurements of tissue pHe with a
pH microelectrode, the FLIM platform can help to answer the important
questions on cancer tissue physiology that are formulated above. How-
ever, such experiments are outside the scope of the current study, being
the subject of a separate investigation.

4. Conclusions

Fluorescence-lifetime based planar solid-state optochemical pH
sensors based on OEPK dye have been applied for ex vivo analysis of
extracellular pH in mammalian tumors. The sensors were calibrated
over the range of relevant pH values using buffer solutions. The sensor
response to the different pH buffer solutions was found to be stable
before and after prolonged contact with tissue samples. This was the
case both with and without pre-treatment with FBS solution. Therefore,
there is no need for re-calibration of the sensors post tissue contact.

Tumor samples, freshly excised from animals and imaged on a FLIM
imager with a SPAD array detector, were found to have a higher pH after
excision than muscle tissue samples. This is thought to be caused by the
invasive tissue preparation procedure and higher levels of glucose in
normal muscle tissue at the time of excision which in turn lead to the
production of higher quantities of lactate once the tissue oxygen supply
is removed.

Sensors and Actuators: B. Chemical 431 (2025) 137441

No gradients in the pH distribution across tumor samples were
observed. This is primarily due to the homogeneity of the tissue samples
used in this study. The measurement of different pH standard solutions
presented here demonstrates the ability of the sensor to respond to
spatial change in pH and generate a pH map. Future work could include
the analysis of tissue samples containing different tissue types together
(tumor, healthy tissue and a boundary region) to investigate if these
regions can be resolved spatially with a measurement system similar to
the one described here.

The observation of tumors over time has shown a moderate negative
correlation between tumor pH and age but with significant variation
between the samples on each day. A future study with increased sample
numbers over a longer time would be required to investigate this rela-
tionship further.
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ABSTRACT

We propose a handheld single photon avalanche diode (SPAD) micro-camera probe for wide-field in-vivo fluores-
cence lifetime imaging (FLIm) applications. The presented probe includes a novel 3D stacked 1.4 mm x 1.4 mm
SPAD array, an integrated excitation light source, and imaging optics. The spatial and temporal performance
of the integrated system was characterised using a USAF test target and range of fluorescence lifetime beads.

Keywords: fluorescence lifetime imaging, FLIm, SPAD, micro-camera

1. INTRODUCTION

Recently, FLIm has proved to be an effective method for label-free intraoperative tumour margin assessment
both ez vivo™? and in vivo.> In vivo FLIm probes typically employ point scanning to recover lifetime images
and thus far, there are few examples of wide-field in vivo FLIm and even fewer where sensing occurs at the distal
end of the probe.®® Wide-field in vivo FLIm would have the benefit of capturing lifetime information from the
entire field of view at the same time. Developments in the miniaturisation of SPAD arrays with time resolving
capability make their use in wide-field in vivo FLIm feasible. Here a probe using a miniaturised SPAD array
with half-inch diameter optics and an integrated excitation source is presented. The system is characterised in
terms of spatial resolution and temporal performance.

2. MATERIALS AND METHODS

The probe design uses an epi-illumination scheme as illustrated in Fig. 1a with the excitation light coupled into
an optical fibre which is connected to the probe. A long-pass dichroic mirror and filter (Semrock FF506-DI03-
25X36 and FF01-515/LP-25) are used to direct the excitation light towards the sample and filter out elastically
scattered light, respectively. Two achromatic doublets with f =19mm are used, one to collect the light from
the sample, the second to re-focus it onto the sensor. The sensor for the probe is a 128 x 120 SPAD array with
dimensions of 1.4 mm X 1.4mm implemented in STMicroelectronics 40 nm /90 nm 3D-stacked BST CMOS process
with 8 pm pixels and a 45% fill factor. This sensor is described in detail by Erdogan et al.,% in which its ez vivo
FLIm capability with biological samples was demonstrated using a 10X objective mounted on a fluorescence
microscope system.

The spatial resolution was quantified by imaging a USAF resolution target. The temporal system performance
was evaluated by measuring the instrument response function (IRF) and through measurements of lifetime-
encoded fluorescent polymer beads (PolyAn GmbH). The beads were measured suspended in a solution in a well
plate; therefore there was no spatial variation in lifetime to be resolved so all pixel values were binned for the
fitting process. Intensity and lifetime images of a plant sample were also captured. Lifetime fitting was carried

Further author information: Send correspondence to Dario Angelone (dario.angelone@tyndall.ie)
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Excitation Source A Long-pass dichroic mirror, 506 nm

*~ Achromatic doublet, f = 19 mm

[
I Sample Stage I

(a) (b)
Figure 1: A basic schematic (a) and a photograph (b) of the miniaturised wide-field FLIm microscope.

out using eight time bins with a width of 390 ps each. The fluorescent beads were excited at 488 nm using a
Fianium SC450 supercontinuum source and a monochromator and the plant sample was excited at 405 nm using
a Becker and Hickl pulsed laser diode. Both sources were operated at a repetition rate of 20 MHz. The IRF was
measured with both sources by placing a non-fluorescent white standard in the sample plane.

3. RESULTS

The IRF at 405nm and 488 nm are show in Fig. 2 and are found to have a full width half maximum (FWHM)
of 0.74ns and 0.62ns, respectively. An intensity image of a USAF resolution target captured with white light
illumination is shown in Fig. 3a. The smallest resolved feature is Group 5 element 3 which has a line width of
12.4 nm; the pixels along this element are indicated by the red line in Fig. 3a and the pixel values are plotted in
Fig. 3b. A race condition between pixel read and reset signals has caused a corner of the array to be insensitive
to light® as can be seen in Fig. 3a; the images presented in Fig. 5 have been cropped to exclude this area.

The fluorescence decay curves from the lifetime-encoded bead measurements are presented in Fig. 4 with the
quoted and measured lifetimes indicated in the legend. The different types of beads are clearly differentiated
though there is a slight underestimation of the lifetime compared to the quoted value. Intensity and lifetime
images of a leaf sample are shown in Fig. 5 demonstrating the capability of the miniaturised microscope to
capture wide-field lifetime images of autofluorescence from biological samples.
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Figure 2: IRF measured with a 405 nm Becker and Hickl pulsed diode laser (a) and a Fianium supercontinuum
laser at 488nm (b) found to have a FWHM of 0.74ns and 0.62 ns, respectively.
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the system imaging performance. (b) Plot of pixel values along the red line indicated in the intensity image left.
Group 5 element 3 on the resolution target has been resolved and has a line width of 12.4 pm.
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Figure 4: Scatter plot of the measured fluorescence decay for the different lifetime encoded beads with the fit
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Figure 5: Fluorescence intensity (a) and lifetime (b) images of a leaf sample captured with excitation at 405 nm.
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4. CONCLUSION

A handheld SPAD micro-camera probe for wide-field in-vivo FLIm applications including a novel 3D stacked
1.4mm x 1.4mm SPAD array, an integrated excitation light source, and imaging optics has been presented.
The presented probe has a spatial resolution of 12.4 pm and has been shown to successfully differentiate polymer
bead samples with a range of fluorescence lifetimes. An intensity and lifetime image of a plant sample has also
been presented.
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We present a chip-on-tip fluorescence lifetime imaging
micro-camera on a size scale compatible with endoscopic
applications. The micro-camera has an external diameter of
4 mm and comprises a miniaturized 128 x 120 SPAD array
detector, integrated imaging optics, and an optical fiber for
excitation light delivery. The spatial performance is char-
acterized by imaging a resolution test target showing that
the integrated system is able to resolve features of <30 um.
The temporal response is measured at a range of wave-
lengths, yielding a mean pixel impulse response width of <1
ns. Benchmarking against a time-correlated single-photon
counting system also shows good agreement with the micro-
camera. Finally, fluorescence lifetime images of unlabeled ex
vivo animal tissue samples are presented as examples.

Published by Optica Publishing Group under the terms of the Cre-
ative Commons Attribution 4.0 License. Further distribution of this
work must maintain attribution to the author(s) and the published arti-
cle’s title, journal citation, and DOI.

https://doi.org/10.1364/0OL.561838

Fluorescence lifetime measurements have the potential to be a
powerful diagnostic tool; changes in tissue fluorescence lifetime
can be indicative of a disease, meaning such measurements can
be used to differentiate between healthy and diseased tissues
[1,2]. Recently, fluorescence lifetime imaging (FLIm) has shown
promise for label-free intraoperative tumor margin assessment
in ex vivo human tissue samples [2,3].

In vivo FLIm probes often employ point scanning; in [4], a
hybrid rotating probe uses FLIm and optical coherence tomog-
raphy to image intravascular plaques, and in [5], a point scanning
FLIm probe was employed in the oral cavity with machine
learning used to generate a probabilistic heat-map of cancer.
Recently, a fiber-bundle-based scanning FLLIm endomicroscope
has been reported, and its ability to differentiate cancerous
regions demonstrated ex vivo [6]. However, manual scanning
of such probes can be time consuming, and automated scanning
systems require finely tuned mechanical motion.

Wide-field FLIm has the benefit of capturing lifetime infor-
mation from the entire field of view (FoV) at the same time,
reducing motion artifacts and potentially increasing system
throughput and effective pixel rate [7]. Wide-field in vivo FLIm
has been demonstrated with probes using a gradient index
(GRIN) lens to image onto a fiber bundle and a gated inten-
sified charge-coupled device (ICCD) camera for detection at the
other end [8,9]. However, the flexibility of these probes is lim-
ited by the minimum bend radius of the fiber bundles, and light
propagation along the fibers increases attenuation and disper-
sion. In addition, single-use disposable chip-on-tip endoscopes
have become standard in white-light endoscopy. This trend is
partly due to the miniaturization and reduction in cost of CMOS
camera technology, as well as the avoidance of a sterilization
process with single-use scopes [10-12]; therefore, the develop-
ment of such endoscopes with wide-field FLIm capability is of
interest for the long-term application of FLIm in surgery.

The use of SPAD cameras for wide-field FLIm has been
demonstrated using a 0.5 megapixel time-gated SPAD cam-
era [13], and they have also been applied for light-sheet FLIm
[7,14]. There are now commercially available SPAD cameras
with FLIm capability; the FLIMera camera from HORIBA has
time-correlated single-photon counting (TCSPC) capability and
the SPAD 5122 from Pi Imaging Technology uses time-gating.
These cameras are designed for use with benchtop microscopes
and are therefore too large for endoscopic applications.

The miniaturization of SPAD arrays, fabricated with standard
CMOS processes, makes their use for a chip-on-tip FLIm endo-
scope feasible. Low-cost SPAD detectors for LIDAR are widely
available; with sufficient market demand, SPAD imagers could
follow a similar trend. A 128 x 120 SPAD array with dimensions
of 1.4nm X 1.4 nm was presented in [15]. This detector has been
used for FLIm of biological samples in benchtop [15,16] as well
as handheld systems [17,18] and used for FLIm-based explosive
detection [19]. A handheld system (23 mm X 23 mm X 28 mm)
with this detector has also been used for combined lifetime and
distance measurement (FLImDAR) [20].

In this Letter, we present a chip-on-tip FLIm micro-camera
utilizing the miniaturized SPAD array mentioned above and
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Fig. 1. (a) Exploded view of the FLIm micro-camera design. The
SPAD array, lens, and long-pass filter are all housed in a custom
3D-printed mount. Excitation light is delivered via an aluminum-
coated fiber. The mount has a groove along one side to guide the
optical fiber. (b) 3D model of the assembled FLIm micro-camera
including a 3D-printed outer casing, which holds the fiber in place.
(c) Photograph of the assembled FLIm micro-camera having an
external diameter of 4 mm.

including integrated imaging optics and excitation light deliv-
ery. With an external diameter of 4 mm and a rigid length of
10 mm, this is, to the authors’ best knowledge, the first chip-
on-tip FLIm micro-camera on a size scale compatible with
endoscopic applications. This addresses key challenges in pho-
tonics packaging, stray light suppression, electrical interfacing,
and compact optical design to enable time-resolved fluorescence
imaging at clinically relevant scales. The temporal and spatial
performance of this demonstrator system are characterized, and
example images of ex vivo animal tissue samples are presented.

FLIm micro-camera system. The FLIm micro-camera
includes integration of the detector, imaging optics, and excita-
tion light. A custom 3D-printed mount was designed to house the
detector, lens, and filter. The mount also has a groove along one
side to guide an optical fiber, which delivers the excitation light.
These elements are housed within a 3D-printed outer casing,
which holds the fiber in place. The packaged FLIm micro-
camera has a diameter of 4 mm and a rigid length of 10 mm,
a ~40x decrease in the cross-sectional footprint compared to
the smallest system previously reported using this detector [20],
facilitating wide-field FLIm in narrow spaces. A 3D model and
a photograph of the FLIm micro-camera are presented in Fig. 1.

The detector has been described elsewhere [12,15]. Briefly,
the miniaturized SPAD array has an active area of ~ 1 mm?
with 128 x 120 pixels. In fabrication, layout constraints on a
wafer shared with other projects led to a physical footprint
of 2.0 mm X 1.4 mm, slightly larger than the functional design.
Time resolution is achieved by gating the in-pixel counting elec-
tronics. Each pixel has independent counting circuitry, which is
enabled and disabled using a reference clock generated on-chip
by a ring oscillator (RO). The width and position of each time
gate are therefore in multiples of the RO period, 370 ps.

A GRIN lens with a diameter of 2 mm and a length of 5.1 mm
(GRINTECH, Germany) was used for imaging with a 0.3 mm
thick 500 nm long-pass filter (Everix, USA) mounted in front.
Excitation light was delivered by an optical fiber. Early tests with
a standard fiber showed light leaking from the fiber and reaching
the detector through the 3D-printed holder. This was overcome
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by using a 300 um core aluminum-coated fiber with a coating
diameter of 430 um and an NA of 0.22 (AS300/330 USMA
430, heracle, Germany). As the fiber is positioned adjacent to
the imaging optics, initial tests showed that the excitation beam
was significantly shifted to one side relative to the camera’s FoV,
and a similar effect was observed in [9]; this was overcome here
by polishing the fiber tip at an angle, causing a deflection of the
beam exiting the fiber [21,22]. A range of polishing angles were
tested and an angle of 35° was found to be the most suitable.

The micro-camera requires five electronic connections: 1)
18.5V SPAD bias voltage, 2) 2.8 V power supply, 3) Ground,
4) Data I/O, and 5) Clock. The chip is controlled with a cus-
tom MATLAB (R2021b MathWorks) graphical user interface
(GUI) via a field-programmable gate array (FPGA) module
(XEM7310-A200, Opal Kelly, USA). The chip was connected
to a custom flexible PCB with gold wire bonds, and five micro-
coaxial cables were soldered to the other end of the PCB,
enabling connection to the FPGA. The cable length here was
50cm, but the detector has previously been operated with a
cable >1m long [17]. The clocks for the FPGA and detector
were synchronized with the laser sync signal via a picosecond
delayer (Micro Photon Devices, Italy), which allows conversion
to a TTL signal and adjustment of the laser pulse arrival time
relative to the system clock.

Three different laser sources were used, a 375 nm pulsed laser
diode (LDH-D-C-375, PicoQuant, Germany), a 405 nm pulsed
laser diode (BDL-405-SMN-F, Becker & Hickl, Germany), and
a pulsed supercontinuum laser (SuperK FIANIUM FIR-20 PP,
UK). All sources were operated at a repetition rate of 20 MHz
and provide a similar NIM sync signal that can be connected
to the picosecond delayer, allowing the sources to be swapped
relatively simply and quickly.

Spatial characterization. The spatial resolution of the sys-
tem was characterized by capturing intensity images of a USAF
resolution target illuminated from behind with diffuse white
light. A series of images were acquired of groups 2—4 on the tar-
get. The modulation transfer function (MTF) of the system was
obtained at a range of spatial frequencies from the contrast for
each element. An example intensity image of the target is shown
in Fig. 2(a). The pixel values across the horizontal and vertical
parts of group 4, element 2, are plotted in Fig. 2(b); this ele-
ment has a spatial frequency of 17.96lp/mm and a linewidth of
27.8 um. The minimum contrast for this element was found to be
28.4%. The mean and minimum contrast from group 2, element
2, to group 4, element 6, inclusive are plotted in Fig. 2(c).

The contrast for each element was evaluated in the central
region of the image, but there is some defocusing visible at the
edges; this is likely due to the field curvature from the lens, caus-
ing a decrease in performance at the edges of the image. In spite
of this, the image quality appears good across much of the FoV.
A single lens was used in this design for ease of integration and
to minimize potential losses and reflections, which can occur at
each optical interface. Future designs could incorporate a more
sophisticated lens to improve performance and tailor the FoV to
a specific application, finding a balance between throughput and
resolution. The detector has a defective pixel region in the top
left corner caused by a race condition between the read and reset
signals as has previously been reported in [ 15]; nevertheless, the
vast majority of the imaged area remains usable.

Temporal characterization. The impulse response function
(IRF) of the system was evaluated by measuring pulses from the
SuperK laser scattered by a ground glass diffuser (DG05-600,
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Fig. 2. (a) Intensity image captured using the micro-camera of
a resolution test target illuminated from behind with diffuse white
light. The camera has a FoV of 2.3 mm x 2.2 mm and a working dis-
tance of 4 mm. (b) Plots of the pixel values across the horizontal and
vertical parts of group 4, element 2, on the target. This element has
a spatial frequency of 17.96 Ip/mm and a linewidth of 27.8 pm. (c)
Scatterplot of the micro-camera MTF obtained by imaging groups
2—4 on the target.

Thorlabs, Germany). The laser was used with the monochro-
mator described in [23]. The IRF was measured over a typical
fluorescence emission wavelength range, from 550 nm to 900 nm
in steps of 50 nm. Characterization at this range is important as
the timing response of SPADs is wavelength dependent [24]. For
these measurements, the sync signal was shifted in steps of 20 ps
using the picosecond delayer, enabling a finer measurement of
the IRF than is possible with on-chip gating alone. The IRF
width (FWHM) was estimated for each pixel at each wavelength
using linear interpolation. An example pixel IRF at 550 nm is
shown in Fig. 3(a). The mean IRF width was calculated for each
wavelength and plotted in Fig. 3(b). The mean IRF width across
all wavelengths was 0.54 ns.

The SuperK has a pulse width of 30 ps—60 ps over the meas-
ured wavelength range, far narrower than the minimum time
bin width of the detector; therefore, the measured IRF above
approximates the micro-camera response to an infinitely short
light pulse. For fluorescence imaging, the two pulsed laser diodes
were used for excitation. These lasers have a wider pulse width
of <100 ps, which is not taken into account in the IRF meas-
ured above. However, we can estimate a mean system IRF width
(FWHM,,,) of <1 ns when using these lasers from Eq. (1):

FWHM,,, = \/ FWHM?,,...+ FWHM? 1)

where FWHM. ... is the response of the micro-camera and
FWHM,,, is the temporal width of the excitation laser.

The micro-camera was also benchmarked against a system
using a TCSPC module and a hybrid photomultiplier detector
(PicoHarp 300 and PMA Hybrid 50, PicoQuant). For this
system, emission was filtered using a 500 nm long-pass fil-
ter (FELHO0500, Thorlabs). Benchmarking was performed by
measuring two fluorescence lifetime test targets (BPXSILT
and BPXSS5LT, BioPixS, Ireland) with both systems using the
405 nm laser for excitation. With the micro-camera, counts were
acquired over 120 time bins with an acquisition time of ~ 75
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Fig. 3. (a) Response at 550nm for an individual pixel on the
camera; the FWHM was estimated by linear interpolation and is
indicated by the red line. (b) Mean pixel response between 550 nm
and 900 nm. The error bars show the standard deviation. (c) Fluo-
rescence decay curves from two test targets measured with the FLIm
micro-camera and a TCSPC system. The data for a 4-pixel group
on the micro-camera is presented as well as the curve obtained by
summing over all pixels. (d) Lifetime image of BPXSILT (left) and
BPXSSLT (right) acquired with the micro-camera.

per measurement. The decay curves obtained are presented in
Fig. 3(c) and show good agreement between the systems. A
lifetime image of the two test targets next to each other was
captured with the micro-camera and is presented in Fig. 3(d).
For imaging, pixels were binned into groups of four to improve
photon statistics, and a mono-exponential decay was fit to the
tail of the measured counts between 90% and 20% of the peak
value. A photograph of the test targets is shown in Fig. S1 in
Supplement 1.

Tissue imaging. Ex vivo sheep lung and intestine sam-
ples were acquired from a local butcher (D.P Murphy &
Sons — Middleton, Ireland) and stored in refrigerated conditions
(<5°) overnight. The following afternoon, a sample was cut
from each organ and measured with the micro-camera. For these
measurements, the 375nm pulsed laser diode was used with
0.29 mW average power. This wavelength is often used to excite
key fluorophores such as NADH and FAD [7]. Counts were
acquired over 50 time bins and fitting was performed as before.
The acquisition time for each tissue image was approximately
30 s. The fluorescence intensity and lifetime images of the sam-
ples are presented in Fig. 4 along with the lifetime distributions.
The lifetime images have been upscaled to the original image
dimensions and pixel values interpolated (bilinear) for display
only. The brightness of each pixel in the lifetime images is scaled
by the intensity to highlight regions with a strong fluorescence
signal. Defective pixels were excluded from the lifetime dis-
tributions and mean calculations by a manually drawn binary
mask. The raw lifetime maps and binary mask are presented in
Fig. S2 in Supplement 1. The intestine sample was cut open and
the inside imaged. The lung image shows the inside of a larger
bronchiole in the sample, where the two curved bright features
are internal ridges of the bronchiole, likely primarily made up
of cartilage.
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Fig. 4. (a), (b) Fluorescence intensity and (c), (d) lifetime images

of ex vivo sheep lung and intestine samples. (e) Lifetime distribu-
tions for the two samples. The defective pixels in the top left corner
are excluded by a binary mask. The intestine sample had a mean
lifetime of 2.7 + 0.2 ns (standard deviation), and the lung sample
had a mean lifetime of 3.5 + 0.4 ns.

More sophisticated fitting models may be implemented to
improve the precision of the lifetime measurements, such as fit-
ting to a multi-exponential model and/or reconvolution of the
IRF with the decay model. However, there is still a clear con-
trast between the two samples; the intestine sample had a mean
lifetime of 2.7 = 0.2 ns (standard deviation), whereas the lung
sample had a longer mean lifetime of 3.5 + 0.4 ns.

Discussion and conclusion. The size of the FLIm micro-
camera is compatible with imaging of segmental bronchi
(second to fourth generation), which have a diameter in the range
of 5 mm-8 mm [25]. With appropriate packaging, the system
could either be deployed through the working channel of a larger
scope or as an independent scope with intensity imaging used
for navigation. For this design, 3D-printing the micro-camera
body was convenient and effective for prototype development.
However, future designs, using machined metal parts, e.g., with
a high-tolerance packaging process, would improve stray light
blocking. This would reduce noise and potentially remove the
need to use a metal-coated fiber.

The method of gate-sweeping to acquire photon histograms
also increases the acquisition time, as the data is read out from
the detector as each gate is measured. However, faster acquisition
times can be achieved by acquiring fewer gates or by using rapid
lifetime determination (RLD) for near video-rate estimation of
lifetimes. This has been demonstrated using this detector in a
larger form factor handheld system to capture FLIm images of
plant and animal samples at a frame rate of ~ 1 Hz [17].

The ability of the system to acquire lifetime images of unla-
beled tissues shows great promise for the future application of
such detectors for in vivo FLIm. Further advances in miniatur-
ized SPAD arrays with improved sensitivity, timing resolution,
and readout time support this further. The demonstration here, of
the first chip-on-tip FLIm micro-camera on a size scale compati-
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ble with endoscopic applications, combines advanced 3D SPAD
integration, miniature optics, and high-speed data handling in
a compact form factor. This is a critical step in bringing FLIm
systems to the tip of an endoscope, thus opening new areas of
exploration for intraoperative diagnostics and surgical guidance
through improved imaging capabilities.
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Abstract.

Significance: Fluorescence lifetime imaging (FLIm) offers label-free contrast based on intrinsic tissue properties,
making it a promising tool for clinical diagnostics and intraoperative guidance. However, the lack of robust, repro-
ducible standards for system validation limits cross-platform comparability, impedes quality assurance, and hinders
clinical translation.

Aim: To develop and characterize a set of stable solid-state fluorescence lifetime standards using dyed epoxy resins,
with the goal of enabling reliable calibration, benchmarking, and validation of FLIm systems in both research and
clinical environments.

Approach: A series of solid standards incorporating different dyes were fabricated to span a range of lifetimes from
sub-nanosecond to over 3.5 ns. These materials were evaluated for fluorescence lifetime, emission intensity, photo-
stability under UV exposure, and fabrication repeatability. The influence of dye concentration and microstructural
uniformity was assessed using a confocal microscope. The standards were also applied to validate a chip-on-tip FLIm
micro-camera designed for endoscopic imaging.

Results: The dyed epoxy standards demonstrated consistent and reproducible lifetimes, good photostability, and scal-
able fabrication. Confocal imaging revealed some microstructural heterogeneity, while bulk measurements remained
robust. The standards enabled effective validation of the FLIm micro-camera, including spatial and temporal resolution
assessment, and highlighted platform-dependent biases in lifetime estimation.

Conclusions: Dyed epoxy materials show strong potential as practical, scalable tools for FLIm system calibration
and quality assurance. These standards may support cross-platform validation and benchmarking of emerging FLIm
technologies, and could contribute to the development of future regulatory frameworks for clinical adoption.

Keywords: fluorescence lifetime imaging, standardisation, phantoms, calibration.

*D. Angelone, dario.angelone@tyndall.ie, S. Konugolu Venkata Sekar, sanathana.konugolu@tyndall.ie

1 Introduction

Fluorescence lifetime imaging (FLIm) has potential as a powerful diagnostic tool due to its ability
to provide contrast based on the intrinsic decay time of fluorophores, independent of the fluo-
rophore concentration or the excitation intensity used.' Unlike fluorescence intensity measure-
ments, which can be influenced by photobleaching, scattering, or absorption, fluorescence lifetime

(FLT) measurements can offer a higher biochemical specificity. This makes FLIm particularly
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valuable in biomedical applications, where subtle changes in tissue composition or metabolic state
can be detected through lifetime variations.>*3

Recent studies have demonstrated the clinical potential of FLIm for label-free intraoperative as-
sessment of tumour margins in various tissues, including the brain,%” oral cavity,® and breast.'®!!
Beyond intraoperative oncology, FLIm has also been explored for dermatological diagnostics,'?
and for probing subcellular lipid heterogeneity in metabolic studies.!> These applications high-
light the growing interest in translating FLIm from research settings to clinical environments. This
is reflected in the large number of novel systems for in vivo FLIm which have been reported in re-
cent years.'* In addition to stand-alone FLIm systems, multimodal approaches have been explored

15-17 and

to combine fluorescence lifetime imaging with complementary techniques such as Raman
optical coherence tomography!'® ! for enhanced tissue characterization.

The development of diagnostic imaging systems more generally has led to the use of tissue-
simulating objects, commonly known as “phantoms”.?>2! These phantoms serve multiple critical
purposes, including initial system design testing, optimizing signal-to-noise ratios in existing sys-
tems, performing routine quality control, and comparing performance between different systems.
Phantoms can be fabricated from solid or liquid materials that mimic a range of tissue optical
properties as well as anthropomorphic features, enabling realistic evaluation of various system
performance.?”?? For established systems in routine clinical use with regulatory approval, bod-
ies such as the American College of Radiology (ACR), the American Association of Physicists in
Medicine (AAPM), and the Canadian Organization of Medical Physicists (COMP) typically rec-
ommend or require specific phantoms for validating system performance and ensuring uniformity
across institutions and over time.*

Given the rapid rate at which new FLIm systems are being developed and the vast amounts
of tissue lifetime data being acquired both in vivo and ex vivo, there is an increased need for
standardisation and cross-platform validation. A major barrier to clinical translation remains the
lack of robust, reproducible standards for system calibration and validation.?*2> Currently, system
validation often relies on liquid dye solutions with known lifetimes, such as Rhodamine 6G or
Erythrosine B, measured under controlled conditions.?®2” While effective in laboratory settings,
this approach is impractical for routine or on-site calibration, particularly in clinical workflows, and

is sensitive to environmental factors such as oxygen quenching and dye aggregation. Biological
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samples such as Convallaria are often used for qualitative FLIM demonstrations; however, their
autofluorescence properties can vary between specimens and degrade over time, making them
unsuitable as reproducible calibration standards. Commercial fluorescent plastic slides, available
from suppliers such as Thorlabs, are designed to provide broad absorption and emission coverage
for alignment and qualitative checks. However, they are not developed for use as lifetime standards.
There are FLIM standards available from BioPixS,?® but the specific dyes used are not disclosed.
As a result, these materials are ill-suited for rigorous calibration or cross-platform validation.

To address these limitations, several studies have focused on improving the accuracy and re-
producibility of FLIm calibration; Talbot et al.° identified systematic errors in fluorescence life-
time fitting using the Delta Function Convolution Method, particularly when the reference dye
has a longer lifetime than the sample, and proposed a correction model to mitigate these biases.
Complementing this, Margineanu®® provided a comprehensive experimental framework for cali-
brating time-domain FLIm systems, emphasizing the importance of acquiring accurate instrument
response functions (IRF) and using well-characterized reference dyes. Both studies also noted
that discrepancies in lifetime measurements across platforms can arise due to differences in pho-
ton collection geometry and reabsorption effects, further underscoring the importance of physical

1.9 devel-

standards that can reveal and help correct such biases. Building on this, Freymiiller et a
oped a microstructured phantom incorporating fluorescent beads embedded at known depths within
a scattering medium. This design enables depth-resolved calibration and is particularly suited for
characterising axial resolution in multiphoton and microendoscopic systems lacking z-stage con-
trol. However, the phantom’s short shelf-life and complex fabrication process limit its scalability
for routine use or widespread deployment.

In this work, we present a complementary approach by developing and characterising a set of
solid-state fluorescence lifetime standards using dyed epoxy resins. These standards are designed
to be photostable, reproducible, and easy to handle, making them suitable for both research and
clinical environments. We fabricate and characterise a range of such materials incorporating differ-
ent dyes, targeting a spread of lifetimes relevant to biomedical FLIm. The materials are evaluated
in terms of their fluorescence lifetime, intensity, photostability, and fabrication repeatability. We

also explore the effect of dye quantity and assess the microstructure of the materials using confo-

cal fluorescence lifetime imaging microscopy (FLIM). Finally, we demonstrate the utility of these
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standards by applying them to validate a novel chip-on-tip FLIm micro-camera system developed

for endoscopic applications.®!

2 Materials and methods
2.1 FLT standards fabrication process

The solid-state fluorescence lifetime standards were fabricated using Poly-optic® 1490 Clear Cast-
ing Resin, a water-clear urethane resin consisting of a base (Part A) and a curer (Part B). The two-
part resin was mixed by weight at a 100A:90B ratio, with varying masses of fluorescent dyes added
to achieve a range of target lifetimes. In this study, four Smooth-On Ignite™ dyes (Smooth-On,
Inc., USA) have been used; purple (PMS purple), yellow (PMS 809C), magenta (PMS 813C), and
orange (PMS 805C). The Smooth-On Ignite™ dyes were selected for their strong visible fluores-
cence and lifetimes spanning the sub-nanosecond to multi-nanosecond range. Other dyes from the
same range were screened, and four were chosen to cover a clinically relevant lifetime span. The
Poly-optic® 1490 resin was selected for its optical clarity and stable curing properties. The wide
commercial availability of these components also facilitates reproducible standard fabrication in-
ternationally. Solid standards containing each dye were fabricated. The dye quantity added for
each standard material is as follows: 119 mg for the purple standards, 219 mg for yellow, 90 mg
for magenta, and 160 mg for the orange standards. An epoxy sheet containing no dye was also
fabricated and measured to assess the fluorescence of the undyed epoxy and its potential influence
on the standard material performance.

The fabrication process is illustrated in Fig. 1. First, the selected dye was weighed and thor-
oughly mixed with Part A to ensure uniform dispersion and degassed under vacuum to eliminate
air bubbles, which could otherwise scatter light and distort fluorescence measurements. Part B was
then added, and the mixture was stirred again to achieve homogeneity. The resulting solution was
degassed again. Finally, the mixture was poured into moulds and left to cure undisturbed at room
temperature for 16 to 24 hours. This process yielded optically clear solid sheets with reproducible
fluorescence characteristics. The dyes were selected to span a range of lifetimes, enabling evalua-
tion of FLIm system accuracy across the range of lifetimes covered. The standard sheets can then
be cut to a desired planar geometry. For this work, three types of standard tools were explored as

illustrated in Fig. 2; (i) a homogeneous slide (ii) a square slide with a chrome USAF resolution test
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[ FLT Standard Matrix Recipe ]
[ Ingredients J [ Process ]
Base medium: B [ Part A (20 g) J
Poly-optic 1490 Part A v
Poly-optic 1490 Part B g [Manual mixing with selected quorophore}
S 2
One of the following fluorophores: ® [ Vaccum (10 min) }
o
Smooth-On Ignite color pigments % L 4
Orange PMS 805C 'g [ Manual mixing vilth Part B (19 g) J
IS
(5}
Yellow PMS 809C = [ Vacuum (3 min) J
Purple PMS Purple ¥
Magenta PMS 813C [Pour into Petri dish mold to cure (1 day)}

Fig 1 Overview of the solid fluorescence lifetime standard recipe including all ingredients and the fabrication process
steps.

(a) ! —_— (b) (c)

Fig 2 Solid fluorescence lifetime standard tools created (not drawn to scale); 4 standard materials have been tested
with a range of lifetimes. The standard sheets can be cut to a desired planar geometry. For this work, use of the
standard materials in three forms was explored; (a) as a homogeneous slide cut to 17 mm x 45 mm (b) a square slide
cut to 22 mm x 22 mm with a chrome USAF resolution test target glued to the surface for combined system evaluation
of fluorescence lifetime measurements and spatial resolution, or (c) each material fixed together in a quadrant pattern
for system lifetime imaging demonstration with multiple lifetimes in the same field of view.

target glued to the surface for combined system evaluation of fluorescence lifetime measurements
and spatial resolution (herein referred to as FLT-USAF targets), and (iii) one of each material fixed

together for lifetime imaging demonstrations with multiple lifetimes in the same field of view.
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2.2 Material characterisation
2.2.1 Absorption and emission spectra

The absorption and emission spectra of the dyed epoxy standards were measured to characterise
their spectral properties. Spectra were acquired using a fluorescence spectrometer (Cary Eclipse,

Agilent, USA) with excitation and emission wavelengths scanned across the visible range.

2.2.2 Fluorescence lifetime system

A home-built FLT system was used for characterization of the standard materials. This system em-
ploys a TCSPC-based single-photon counting architecture similar to that of our well-validated
time-domain diffuse optical spectroscopy system.??3?

405 nm picosecond laser diode (BDL-405-SMN-F, Becker&Hickl) as an excitation source pulsed

Measurements were performed using a

at a repetition rate of 20 MHz. The materials were excited with a collimated laser beam; fluores-
cence emission was collected perpendicular to the excitation beam and filtered using a long pass
filter with a cut-off wavelength of 500 nm (FELHO0500, Thorlabs, Germany). The laser power was
adjusted using a variable reflective neutral density filter (NDM4/M, Thorlabs, Germany) positioned
in the laser beam path before the sample and mounted at an angle to reduce back-reflections. Flu-
orescence decay curves were recorded using a hybrid photomultiplier detector (PMA Hybrid 50,
PicoQuant, Germany) and a time-to-digital converter (TDC, Picoharp 300, Picoquant, Germany).
A photodiode connected to a power meter (S120VC and PM 100D, Thorlabs, Germany) was placed
after the sample in the excitation beam path for monitoring of the excitation laser power used for
each sample.

For FLT measurements, the laser power was adjusted until a count rate of 10° counts per second
(cps) £5 % was seen at the hybrid detector. Photon counts were then acquired for one second. The
sample was then removed from the excitation beam path and the laser power recorded from the
power meter.

The system IRF was recorded by removing the long pass filter from the detection path and
measuring the laser pulse scattered by a frosted glass microscope slide. The FLT of each sample
was found by fitting a monoexponential decay model convolved with the system IRF. Fitting was
performed from 80 % of the max counts on the rising edge of the measured decay curve to 1 % on

the falling tail. The code used for data acquisition and fitting is available on GitHub.** The relative
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fluorescence intensity of each sample was estimated from the inverse of the excitation laser power
required to achieve a count rate of 10° cps. This is a proxy measurement rather than a direct one

but gives a useful indication of the relative brightness of the fluorescent materials.

2.2.3 Bulk FLT characterisation

For each sheet of standard material fabricated, three homogeneous slides of 17 mm x 45 mm were
cut. The three slides were then measured three times each with the system described above and
the mean, standard deviation, and coefficient of variation of these measurements calculated. The
fluorescence lifetime and intensity of the dyes were then compared to assess their suitability for

use as solid lifetime standards.

2.2.4 Repeatability

The repeatability of the solid standard fabrication process was assessed by carrying out three fabri-
cation repetitions of the orange standards with 160 mg of orange dye and evaluating the variability
in the standard lifetimes across the different repetitions. Three homogenous slides were cut from
each sheet, each slide was then measured three times and the results from each fabrication com-

pared.

2.2.5 Microscopic inspection

The standard materials were inspected using a Leica TCS SP8 STED3X confocal and super-
resolution microscope (Leica Microsystems, Germany) equipped with the FALCON (Fast Life-
time CONtrast) module for high-speed FLIM acquisition®> and processed using LAS X software
(Leica Microsystems, Germany) at the Advanced Optical Microscopy Facility in University health
Network, Canada. Samples were excited at 488 nm using a 40 MHz pulsed white light laser with
fluorescence emission from 500 nm to 785 nm detected with a Leica HyD GaAsP single molecule
detector. Lifetime images of four homogenous slides, one for each dye, were acquired using a 20x

objective for microscopic inspection of the standard materials’ lifetimes and morphologies.

2.2.6 Dye quantity

The influence of the dye quantity on the standard characteristics was also assessed. An additional

three orange standards with different quantities of dye were fabricated, resulting in four different
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quantities of dye added; 80 mg, 160 mg, 320 mg, and 640 mg. As above, three slides were cut from
each sheet and measured for comparison. The lifetime and intensity of these samples was then
measured with the system described in Sec. 2.2.2. One sample having each dye quantity was also

imaged with the confocal system as described in Sec. 2.2.5 for comparison.

2.2.7 Stability

Photostability is an important factor for the reliability of potential standard materials. In order
to investigate the stability of the materials studied here, the ageing process is simulated through
prolonged UV exposure. Four homogeneous slides, one containing each dye, were placed under a
high-power 365nm LED (M365LP1, Thorlabs, Germany). The light power density at the samples
was measured as 1.35 + 0.05 mW/cm?. The materials were exposed for a total of 10 hours, and the
cumulative UV dose was calculated from the measured irradiance and exposure time. Measure-
ments were performed every hour during the 10-hour period. At each time point, three lifetime

measurements and one intensity measurement were recorded per sample.

2.3 Case study: characterisation of a FLIm micro-camera

As a demonstration of the potential application of the FLT standards, they were used to characterise
and validate the wide-field chip-on-tip FLIm micro-camera we have previously reported®! which
uses a custom miniaturised 128 x 120 SPAD array as the image sensor.*® The micro-camera sensor
has a defective pixel region which has previously been described;* the images presented here have
been cropped to remove this defective region. For all micro-camera measurements, photon counts
were acquired over 50 time-bins each with a width of 370 ps, and a total acquisition time of ~30s.
The tail of the measured decay for each pixel was then fit to a mono-exponential model between
90 % and 20 % of the peak.

Fluorescence lifetime images of four uniform standards (one for each dye colour) were cap-
tured with the micro-camera. The lifetimes measured for each material by the micro-camera were
then compared with the bulk values measured with the system described in Sec. 2.2.2. Lifetime
and intensity images of the orange FLT-USAF target were acquired. The intensity image was used
to assess the spatial resolution of the system, and the lifetime measured from this target is com-

pared with orange uniform standard. A lifetime image of the quadrant standard was also captured
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with the micro-camera to demonstrate the system’s ability to resolve different lifetimes spatially in

the same field of view.

3 Results and discussion
3.1 FLT standard design and application

Fig. 3 presents photographs of the range of FLT standard tools developed using the dyed epoxy
materials. These include homogeneous slides, FLT-USAF targets for combined spatial and tempo-
ral resolution assessment, and quadrant standards for multi-lifetime imaging. These tools enable

flexible and application-specific validation of FLIm systems.

3.2 Fluorescence lifetime and intensity of standard materials

Table 1 summarizes the measured fluorescence lifetimes and relative intensities of the four dyed
epoxy standards (purple, yellow, magenta, and orange), along with an undyed control. The absorp-
tion and emission spectra for the standards, along with example decay plots and fits are presented
in Fig. 4. The results show a clear separation in lifetime values across the different dyes, ranging
from 0.80 ns for the purple standard to 3.61 ns for the orange. The undyed epoxy exhibited a low
intensity and a lifetime similar to the orange standard, suggesting that the epoxy matrix itself may
contribute a weak background signal.

However, the background fluorescence from the undyed epoxy was found to be more than
an order of magnitude weaker than any of the dyed materials, and approximately two orders of

magnitude weaker than the yellow and orange standards. This indicates that the contribution of

(a) ()

Fig 3 Photographs of the solid-state fluorescence lifetime (FLT) standard tools fabricated using dyed epoxy resins.
Three distinct formats were developed to support a range of FLIm system validation tasks: (a) homogeneous slides for
bulk lifetime measurements, (b) FLT-USAF targets for simultaneous assessment of spatial resolution and fluorescence
lifetime accuracy, and (c) quadrant standards composed of four different dyed materials arranged in a single field of
view to enable multi-lifetime imaging demonstrations.
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Table 1 Measured fluorescence lifetimes and relative intensities of the four dyed epoxy standards (purple, yellow,
magenta, and orange), along with an undyed control. The mean, standard deviation (SD) and coefficient of variation

(CV) are presented for each.

Dve Lifetime Intensity
y Mean (ns) SD (ns) CV (%) | Mean (AU) SD (AU) CV (%)
Purple 0.80 0.01 1.25 0.24 0.02 8.33
Yellow 243 0.01 0.41 2.48 0.05 2.02
Magenta 2.56 0.05 1.95 0.50 0.01 2.00
Orange 3.61 0.02 0.55 2.29 0.01 0.44
None 3.59 0.12 2.24 0.02 0.003 15.00
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Fig 4 (a—d) Normalised absorption and emission spectra of the dyed epoxy standards (purple, yellow, magenta, and
orange). (e—h) Example plots of the normalised measured decay curves, fit, and normalised residuals for the solid
standards fabricated with each dye and measured with the home-built FLT system. The fitted lifetime (7), and the
goodness-of-fit (x2,,) are also presented for each curve.The dotted red lines in each plot indicate the range of time bins
over which fitting was performed.

the epoxy matrix to the overall signal is minimal, particularly for the brighter dyes, and should not
significantly affect the accuracy of lifetime measurements.

Among the dyed materials, the purple standard had the lowest intensity, but it remains valuable

due to its sub-nanosecond lifetime which is distinct from the other dyes tested. This makes it a
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useful reference for validating FLLIm systems operating in the sub-nanosecond regime, despite its
lower brightness.The development of a solid FLT standard with a similarly short lifetime but with
enhanced brightness represents a promising direction for future work.

All materials exhibited absorption in the 400 nm to 500 nm range (as seen in Fig. 4a—d), making
them suitable for excitation with common sources in this range. The magenta and purple dyes did
have lower absorption in this range, consistent with their reduced fluorescence intensity under
405 nm excitation. All dyes except yellow also absorbed in the 500 nm to 600 nm range, indicating
potential for use with longer-wavelength excitation. However, all four of the dyes showed weak
fluorescence when excited in the 300 nm to 400 nm range, which limits their compatibility with
FLIm systems using UV excitation (e.g., 355 nm or 375 nm) targeting endogenous fluorescence
from molecules such as NAD(P)H. This spectral gap highlights an area for future development to

broaden the standards’ utility in clinical FLIm applications.

3.3 Photostability under UV exposure

The photostability of the standards was evaluated by exposing them to continuous UV illumination
over a 10-hour period. Measurements were performed at each hour; the corresponding cumulative
UV dose was calculated and plotted against the measured lifetime and intensity in Fig. 5; the
values of these plots are presented in Table S1. The fluorescence lifetimes and intensity of the
purple, yellow, and orange dyes remained relatively stable throughout the exposure, with minimal
drift.

In contrast, the magenta material exhibited a more pronounced change in both fluorescence
lifetime and intensity over the exposure period. This suggests that the magenta dye may be more
susceptible to photodegradation under prolonged UV illumination. Additionally, the magenta stan-
dard exhibits a lifetime that is very similar to that of the yellow dye, but with significantly lower
fluorescence intensity.

These trends are quantified in Table 2, which summarizes the minimum and maximum val-
ues observed for each dye, along with the corresponding percentage changes in both lifetime and
intensity. Notably, the magenta intensity measurement after one hour appears to be an outlier,

potentially due to sample positioning or other user-dependent factors during measurement. If this
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Fig 5 Photostability assessment of the FLT standards under continuous UV illumination over 10 hours. Measurements
were taken every hour, and the cumulative UV dose is shown on the x-axes. (a—d) Fluorescence lifetime of each
standard material over the exposure period. Error bars indicate the standard deviation from three measurements at
each time point. (e-h) Corresponding fluorescence intensity measurements over the same period. The intensity of
each standard was only measured once at each time point. The purple, yellow, and orange standards exhibited minimal
changes in both lifetime and intensity, indicating good photostability and suitability for long-term use. In contrast, the
magenta standard showed a noticeable decline in both parameters, suggesting susceptibility to photodegradation.

Table 2 Summary of the maximum variation in fluorescence lifetime and intensity observed for each dye during 10
hours of continuous UV exposure. The maximum variation represents the difference between the lowest and highest
values recorded for each dye over the 10-hour exposure period.

Dye Lifetime Intensity
Min (ns) Max (ns) Change (%) | Min (AU) Max (AU) Change (%)
Purple 0.80 0.85 5.39% 0.25 0.27 6.68%
Yellow 2.40 2.44 1.59% 2.25 2.50 11.00%
Magenta 2.17 2.61 20.65% 0.42 0.82 92.50%
Orange 3.53 3.60 1.99% 2.18 2.36 8.25%

data point is excluded, the percentage variation in magenta intensity is reduced to 22.03 %, indi-
cating a less severe degradation than initially observed but still more than twice as large as the
other three dyes. Given its reduced photostability, lifetime redundancy with the yellow dye, and
weaker signal, the magenta material may be less suitable for continued development as a reference

standard.

These findings have important implications for the practical use of FLT standards in clinical
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and research environments. The stability of the purple, yellow, and orange dyes under prolonged
UV exposure supports their suitability for repeated use in calibration protocols, including routine
system checks and longitudinal studies. In contrast, the observed variability in the magenta stan-
dard highlights the need for careful dye selection and further optimization to ensure long-term
reliability. Overall, photostable standards are essential for maintaining consistency in fluorescence

lifetime measurements across time and platforms.

3.4 Fabrication repeatability

To assess the repeatability of the fabrication process, three independent batches of the orange
standard were produced using identical protocols. Table 3 shows the mean lifetime and intensity
values for each batch. The results demonstrate excellent consistency in lifetime measurements
(standard deviation <0.03 ns), indicating that the fabrication process is robust and reproducible.
Some variation in intensity was observed, which may be attributed to slight differences in dye

dispersion or curing conditions.

3.5 Microscopic inspection

Confocal FLIM microscopy was used to inspect the homogeneity of the standards at the mi-
croscale. Fig. 6 shows lifetime images of each dye captured using a 20x objective. The images
reveal a sparse or heterogeneous fluorescence distribution. This may be due to incomplete disso-
lution of the dye in the epoxy matrix or the presence of insoluble scattering particles in the dye
powder. Further optimization of the mixing and filtering process may improve the uniformity of

the standards.

The mean lifetimes and standard deviations extracted from the confocal images were 0.92 + 1.25 ns

for the purple standard, 2.03 + 0.80 ns for the yellow, 2.32 + 1.11 ns for the magenta, and 2.97 = 1.11 ns

Table 3 Summary of mean lifetime and normalized intensity for the orange standards across three fabrication repeti-
tions. The mean, standard deviation (SD) and coefficient of variation (CV) are presented for each fabrication.

Fabrication no. Lifetime Intensity
Mean (ns) SD (ns) CV (%) | Mean (AU) SD (AU) CV (%)
1 3.70 0.03 0.81 3.06 0.06 1.96
3.62 0.02 0.55 2.31 0.35 15.15
3 3.61 0.02 0.55 2.29 0.15 6.55
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Fig 6 Lifetime images of the (a) purple, (b) yellow, (c) magenta, and (d) orange standards captured with a confocal
FLIM microscope using 488 nm excitation, detection between 500 nm to 785 nm, and a 20 x objective. (e) The lifetime
histograms obtained from each of these images. The mean lifetimes and standard deviations from these distributions
are 0.92 + 1.25 ns for the purple standard, 2.03 + 0.80 ns for the yellow standard, 2.32 + 1.11 ns for the magenta stan-
dard, and 2.97 £ 1.11 ns for the orange standard.

for the orange. Apart from the purple standard, these values are consistently lower than the corre-
sponding bulk lifetimes reported in Table 1.

One factor that may explain the discrepancy is the role of reabsorption and re-emission. In
bulk measurements, secondary fluorescence generated by reabsorption of emitted photons and
their subsequent re-emission can contribute to the detected signal, effectively extending the mea-
sured lifetime. In contrast, the confocal system spatially filters the emission through a pinhole,
rejecting fluorescence generated outside the focal volume. As a result, secondary emission oc-
curring away from the confocal spot is unlikely to be detected, and the measured lifetime is not
artificially extended. This spatial filtering effect could explain why the confocal measurements
yield consistently shorter lifetimes. These findings are consistent with prior reports that highlight
platform-dependent biases in fluorescence lifetime estimation due to differences in photon collec-

tion geometry and reabsorption effects.?>>’
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3.6 Effect of dye quantity

The influence of dye quantity on fluorescence lifetime and intensity was investigated using orange
standards fabricated with increasing dye quantities. As shown in Fig. 7, the fluorescence intensity
increases with dye quantity as expected. However, the bulk TCSPC system measured a pronounced
rise in lifetime at higher dye loads, whereas the lifetimes measured with the confocal FLIM system
remained consistent. The confocal FLIM images of the four standards and their corresponding
lifetime distributions can be seen in Fig. S1. The data plotted graphically in Fig. 7 is shown in
Table S2. This divergence supports the interpretation that reabsorption and re-emission processes
at elevated dye densities contribute to extended apparent lifetimes in bulk measurements, while the
spatial filtering inherent to confocal imaging suppresses these secondary emissions.

This effect has previously been reported for other fluorophores, such as phthalocyanines,®’
and these results confirm its relevance for solid-state standards. While higher dye concentrations
can enhance signal strength, they also introduce a concentration-dependent lifetime shift for non-
confocal systems, which should be considered when designing standards for absolute calibration.
For future development, it would be valuable to investigate at what fluorophore concentrations the
measured lifetimes converge between bulk and confocal systems, as this could provide insight into

the impact of reabsorption and re-emission effects.
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Fig 7 Influence of dye concentration on the fluorescence properties of the orange epoxy standard. Mean fluorescence
lifetimes of orange standards with increasing dye concentration measured with the bulk system described in Sec. 2.2.2
(a), and measured with the Leica confocal system (b). (c) Corresponding fluorescence intensities, which increase with
dye concentration. Error bars indicate the standard deviation.
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3.7 Case study: FLIm micro-camera validation

To demonstrate the practical utility of the standards, they were used to validate a wide-field chip-
on-tip FLIm micro-camera system. Fig. 8 shows lifetime histograms and images acquired using the
micro-camera. The micro-camera was clearly able to differentiate the different standard material
based on lifetime with the exception of the yellow and magenta materials, which have been noted
to have already been seen to have very similar lifetimes.

The measured lifetimes for each dye were in good agreement with the bulk values obtained
from the TCSPC system, although the micro-camera measured slightly longer lifetimes for the
yellow and orange standards. This discrepancy is unlikely to be caused by differences in the
instrument response function, as such an effect would impact all dyes similarly. Instead, it may
also be attributed to reabsorption and re-emission processes, which are more pronounced for the
brightest dyes (yellow and orange). Wide-field imaging systems such as the micro-camera collect
fluorescence from a larger volume with no spatial filtering, increasing the likelihood of detecting
secondary photons that extend the apparent decay time.

The quadrant reference standard enabled simultaneous imaging of multiple lifetimes in a sin-
gle field of view, while the FLT-USAF target provided a means to assess both spatial resolution
and lifetime fidelity. In the previous publication on the micro-camera, the spatial performance was
characterised using a standard USAF resolution target and a diffuse white light source from behind,

the minimum contrast achieved for Group 4, Element 2 was 28.4 %.3! In this work, using the fluo-
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Fig 8 (a) Lifetime histograms from images acquired of each of the uniform standard materials using the microcamera.
The mean lifetime measured with the micro-camera was 0.81 £ 0.06 ns for the purple standard, 2.56 + 0.10 ns for the
yellow, 2.57 £0.13 ns for the magenta, and 3.80 + 0.16 ns for the orange. The uncertainty is the standard deviation
for each measurement. Lifetime images of (b) the orange FLT-USAF standard and (c) the quadrant lifetime standard
captured with the micro-camera with pixel brightness scaled by the intensity. The mean lifetime obtained from the

USAF standard was 3.72 + 0.26 ns. The quadrant standard is in the same orientation as shown in Fig. 3c.
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rescent resolution target and delivering excitation through the optical fibre, the minimum contrast
for the same element was reduced to 12.2 %. This reduction in contrast may be attributed to several
factors. First, the fluorescence emission is inherently weaker and more spatially diffuse than direct
back-illumination with white light, leading to lower signal-to-noise ratios at fine spatial scales.
Second, the excitation geometry, delivering light via optical fibre, introduces uneven illumination
which can impact the spatial resolution. These factors combined likely contribute to the reduced
contrast observed in the fluorescent imaging configuration. Despite this, the FLT-USAF target still
enabled clear resolution of spatial features and provided a valuable tool for assessing the combined

spatial and temporal performance of the FLIm system under realistic imaging conditions.

3.8 Limitations and future prospects

While the dyed epoxy standards developed here provide robust fluorescence lifetime references,
they do not replicate the optical scattering and absorption properties of biological tissues. Such
phantoms would allow for more accurate benchmarking of FLIm systems under conditions that
mimic in vivo imaging. Future work may explore integrating scattering agents and absorbers with
the dyed epoxy standards to create hybrid phantoms that combine fluorescence lifetime calibration
with tissue-mimicking optical properties.

As mentioned in Sec. 3.2, the current standards exhibited weak fluorescence when excited in
the 300 nm to 400 nm range, which limits their compatibility with FLIm systems employing UV
excitation for endogenous fluorophore detection. Future work should explore alternative dyes with
enhanced UV absorption to broaden the applicability of the standards.

In addition to hardware validation, the development of standardized analysis protocols for
FLIm data is a critical need for ensuring reproducibility and comparability across studies. Recent
efforts from Georgakoudi et al.*® have sought to establish consensus guidelines for fluorescence-
based metabolic imaging, emphasizing the need for standardised acquisition, calibration, and re-
porting protocols to enhance reproducibility and comparability across systems. Although our work
does not directly address this aspect, the reproducible and well-characterized standards presented
here could play a supporting role in the development of such protocols by providing a consistent

reference for evaluating and calibrating measurement and analysis pipelines.
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4 Conclusions

This work aimed to address the lack of robust, reproducible standards for fluorescence lifetime
imaging (FLIm) system validation. To do this, a set of solid-state fluorescence lifetime standards
have been developed using dyed epoxy resins, targeting a range of lifetimes relevant to biomedical
FLIm.

The fabricated standards exhibited lifetimes spanning from sub-nanosecond to over 3.5 ns, with
good photostability and reproducibility across fabrication batches. We demonstrated their suit-
ability for system benchmarking through bulk lifetime measurements, photostability testing, and
microscopic inspection. While some heterogeneity in dye distribution was observed at the mi-
croscale, the standards provided consistent bulk measurements and proved effective for validation
of a miniaturised chip-on-tip FLIm micro-camera.

In addition to lifetime and intensity characterisation, absorption and emission spectra were
measured for each material. All dyes showed absorption in the 400 nm to 500 nm range, with
most also absorbing in the 500 nm to 600 nm range, supporting their compatibility with a range
of visible excitation sources. However, the lack of absorption below 400 nm limits their use with
FLIm systems employing 355 nm or 375 nm excitation, which are commonly used for probing
endogenous fluorescence. Addressing this spectral limitation will be an important focus for future
material development.

These findings support the use of dyed epoxy resins as scalable, application-specific reference
standards for FLIm system validation. They may facilitate the development of benchmarking pro-
tocols for emerging FLIm-based diagnostic tools and support future regulatory frameworks for
clinical FLIm instrumentation. Future work will focus on improving material homogeneity, ex-
panding the range of available lifetimes and excitation compatibility, and developing protocols for

system benchmarking in both clinical and research settings.
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Figure S1. The chemical structure of the protonable fluorescent dye, octaethylporphin-ketone (OEPK)

Figure S2. An optochemical sensor with standard solutions having pH 6.5 (top) and pH 5.5 (bottom) measured

for initial assessment of the imaging capabilities of the sensor.
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Figure S3. Temperature of tissue samples on the heating plate were monitored with a contactless IR thermometer
DT8803 (Duratool). After initial equilibration (<2 min), temperature of the tissue samples stabilizes at
approximately 33°C. FLIM measurements were performed at least 3 minutes after samples were placed on the
plate, therefore sample temperature had stabilized during these measurements.
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Figure S4. Lifetime distributions obtained from the calibration measurements. The sensor fluorescence lifetime
was measured while in contact with a range of pH standard solutions from pH 4.5 to pH 7. This was repeated
using new sensors (A), used sensors which received no pretreatment (B), and used sensors that had been pretreated
with foetal bovine serum (C). There is very little difference observed between the distributions from each
calibration.
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Figure SS. Fluorescence intensity images of a mouse tumor sample (A) and the same sample with an OEPK pH
sensor placed on top. A plot of the time resolved fluorescence decay curves summed across all pixels (C). Curve
3 was obtained by subtracting curve 1 from curve 2. The fluorescent signal from the tumor itself is observed to
be significantly weaker than that of the OEPK sensor. Subtraction of the tumor autofluorescence decay curve
from the combined fluorescence shows a negligible impact.
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Figure S6. Two examples of photon counts obtained by individual pixels on the SPAD array along with a plot of
the fit. The reduced chi squared values are also displayed as a measure of the goodness-of-fit along with a plot of
the residuals. The dotted red lines indicate the range of time bins over which fitting was performed. These two
examples are taken from the measurement of the tumour sample presented in Figure 4. In order to give
representative plots, (A) shows a pixel from the 10" percentile of peak photon counts (low counts) while (B)
shows a pixel from the 90" percentile (high counts).
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Figure S7. Mean tumour volumes for the groups of mice from each measurement day. Tumours volumes were
recorded the evening before the FLIM measurements were performed. The error bars indicate the standard
deviation of each group.
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Fig S1: A photograph of the two BioPixS lifetime test targets (BPXS1LT left and BPXS5LT right) used
for benchmarking the FLIm micro-camera system against a traditional TCSPC system. The two
standards were placed next to each other and imaged with the micro-camera to produce Fig. 3d.
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Fig. S2: The raw lifetime maps of ex vivo sheep (a) intestine and (b) lung captured using the FLIm
micro-camera. To produce the lifetime images in Fig. 4, these maps were upscaled to the original image
resolution and interpolated (bilinear), and the pixel brightness was then scaled by the intensity. (c) The
binary exclusion mask applied to the lifetime maps before generating the lifetime distributions in Fig. 4e
and before calculation of the mean lifetimes. This mask was manually drawn to exclude the defective
pixels in the top left corner of the detector.
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Table S1. Lifetimes (7) and intensities (I) of the dye materials under prolonged UV exposure measured with the

TCSPC-based system described in Sec. 2.2.2. These results are plotted in Fig. 5.

Time | Dose Purple Yellow Magenta Orange

() | (Fem?®) | rmg) | 1AU)| T@ms) | I(AU) | tms) |IAU)| t@ms) | I(AD)
0 | 000 |080=001| 026 |244+001| 241 |2.61+002| 051 [3.60+001| 227
1 486 |0.81+0.00| 027 [243+0.02| 2.50 |246+0.03| 082 [3.56+0.00| 2.34
2 | 972 |081+002| 026 [243+001| 248 |[242+002| 052 |3.54+0.03| 236
3| 1458 |0.82+0.01| 026 |241+001| 243 |237+0.02| 049 [3.57+0.01| 2.30
4 | 1944 |0.83+000| 026 |241+001| 249 |[234+002| 045 |3.56+0.02| 2.30
5 | 2430 |0.82+0.00| 026 |241+000| 234 |232+001 | 045 [3.57+0.03| 2.18
6 | 2916 |0.83+0.01| 027 |241+001| 242 |[227+002| 042 |3.55+001| 225
7 | 3402 |084+001| 025 |241+001| 248 |223+001 | 044 [3.57+0.02| 2.28
8 | 38.88 |0.85+0.00| 026 [240+001| 230 |224+002| 046 |3.55+001| 2.27
9 | 4374 |085+0.01| 025 |242+000| 225 |221+001 | 043 [3.54+001| 2.30
10 | 48.60 |0.83£0.00| 026 |2.41+002| 231 |216+0.02| 044 [3.53+0.03| 221

Table S2 Mean fluorescence lifetimes and intensities of orange standards fabricated with varying dye quantities,
along with their standard deviations (SD). Bulk measurements were acquired using the custom TCSPC-based
system (Sec.2.2.2), and confocal lifetimes were obtained with a Leica confocal microscope (Sec.2.2.5).
Corresponding confocal images are shown in Fig. S1. Data are plotted graphically in Fig. 7.

Dye Bulk Lifetime (ns) Confocal Lifetime (ns) Intensity (AU)
Quantity
(mg) Mean SD Mean SD Mean SD
80 3.51 0.02 2.96 1.08 1.70 0.16
160 3.61 0.02 2.94 0.71 2.29 0.02
320 3.96 0.02 2.97 0.69 4.99 0.10
640 4.42 0.02 2.98 0.49 7.41 0.26

"Corresponding authors, email: dario.angelone@tyndall.ie, sanathana.konugolu@tyndall.ie
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Figure S1. Lifetime images of orange standards with (a) 80 mg, (b) 160 mg, (c) 320 mg, and (d) 640 mg. Images
captured with a confocal FLIM system using 488 nm excitation, detection between 500 nm and 785 nm.
Corresponding lifetime distributions.
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