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Abstract: In situ fluorescence lifetime imaging microscopy (FLIM) in an endoscopic
configuration of the endogenous biomarker nicotinamide adenine dinucleotide (NADH) has a
great potential for malignant tissue diagnosis. Moreover, two-photon nonlinear excitation
provides intrinsic optical sectioning along with enhanced imaging depth. We demonstrate, for
the first time to our knowledge, nonlinear endogenous FLIM in a fibered microscope with
proximal detection, applied to NADH in cultured cells, as a first step to a nonlinear
endomicroscope, using a double-clad microstructured fiber with convenient fiber length (> 3
m) and excitation pulse duration (=50 fs). Fluorescence photons are collected by the fiber
inner cladding and we show that its contribution to the impulse response function (IRF),
which originates from its intermodal and chromatic dispersions, is small (< 600 ps) and stable
for lengths up to 8 m and allows for short lifetime measurements. We use the phasor
representation as a quick visualization tool adapted to the endoscopy speed requirements.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Malignant tissue diagnosis would greatly benefit from a flexible in vivo in situ label-free and
minimally invasive high resolution imaging tool, capable of several hundreds of microns
imaging depth to address a typical epithelium [1]. Especially, tumor genesis and development
is associated with cellular migration [2] and impaired cellular metabolism, with a shift from
the oxidative phosphorylation to aerobic glycolysis [3], known as the Warburg effect. The
Nicotinamide Adenine Dinucleotide (NADH) coenzyme is the principal electron donor in
oxidative phosphorylation and electron acceptor in glycolysis. An impaired cellular
metabolism induces a change in its enzyme-binding activity and thus a change of its
fluorescence properties such as intensity and time exponential decay, called lifetime.
Especially, NADH have a free lifetime component of =0.4 ns and an enzyme-sensitive bound
one of 2.8 to 3.4 ns [4-6]. The higher rate of glycolysis induces a higher free/enzyme-bound
ratio and a variation of key-enzyme activity typically associated with a decrease of the long-
lifetime component, leading to a faster fluorescence decay. Assessing this faster decay has
enabled to discriminate between normal and tumor tissues [7-9] and cells [6]. Study of the
NADH lifetime variations is also sensitive enough to be applied to stem cell differentiation
[10], cardiac diseases [11] or oxidative stress [12] studies. Fluorescence lifetime has the
advantage, over intensity, of its immunity to concentration and quantum yield variations
which makes lifetime imaging particularly adapted to in vivo in situ imaging.

NADH fluorescence is usually detected around 450 nm and can be linearly excited around
350 nm. However excitation at this wavelength can be phototoxic, suffers from a limited
penetration depth and requires a confocal detection scheme to access a spatial resolution in
depth. On the other side two-photon excited fluorescence (2PEF) at =700-760 nm [13] allows
in the same time intrinsic femtoliter spatial resolution with a good spatial sectioning
capability, epithelium imaging [8] and reduced phototoxicity due to the increased excitation
localization and wavelength [14,15]. Moreover nonlinear FLIM of NADH has been largely
demonstrated [8,11,16,17] and the involved excitation source like femtosecond oscillators
would also give access to complementary structural or metabolic information like Second
Harmonic Generation (SHG) [18] or intensity redox ratio [8].

Previous key works on multiphoton flexible endoscopy do exist [19,20]. We previously
demonstrated a nonlinear endomicroscope using a microstructured double-clad silica made
(thus fluorescence free) fiber, with a practical fiber length (5-m long), short (sub-40-fs) and
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powerful (> 30 mW) excitation pulses @ 810 nm [21]. Recently, we extended our
configuration to =100-mW and 60-fs @ 760 nm pulses convenient to NADH excitation.
Numerous demonstrations of FLIM using linear excitation in an endoscopic configuration, i.e.
through a fiber with a proximal detection, exist [9,22-25]. Very few using nonlinear
excitation [26,27] and none on endogenous nonlinear imaging, furthermore using a practical
fiber length (> 3m). An efficient configuration using a free-space articulated arm has been
previously proposed by K. Konig [28], but its limited flexibility and its bulkiness represent
detrimental issues for minimally invasive imaging deeply in the organism, for patients of
reduced mobility and, for research ends, for freely moving animal monitoring. The absence of
a relevant fibered demonstration occurs because a convenient fiber length raises two issues:
the delivery of the ultrashort pulses required for such low two-photon cross-section
fluorophores, and the possible influence of the fiber fluorescence collection on the measured
lifetimes.

Here we demonstrate, for the first time to our knowledge, that such an imaging modality
is possible with a readily usable flexible “handheld fiber microscope” as a first step to
endomicroscopy, while our device shows a great potential for dermatology. The optimization
of the excitation pulses required a new design of the inner core (see Fig. 1(b)) chromatic
dispersion management and is a multi-parameter problem depending on the dispersion
management, the fiber injected power and the considered pulse spectrum [29]. This subject is
beyond the fibered FLIM measurement issues and will be treated separately, along with other
imaging modalities, in a future communication. Regarding the lifetime measurement
question, fluorescence photons are collected by a 188-um in diameter highly multimodal
silica second core, which makes the measured lifetimes potentially modified by the
intermodal and chromatic dispersions of the waveguide. This situation raises two important
questions:

- What is the influence of these dispersions on the system IRF, knowing that fused silica
chromatic dispersion is relatively large in the spectral region of interest (=[430-490] nm)
[30] and knowing that the wide collection cladding allows for thousands of modes of
visible light to be guided ?

- What is the variability of the IRF during handling the fiber (e.g. by the practitioner during
future clinical application), especially of its peak, due to modal condition variations (i.e.
bending-induced couplings and filterings) occurring while moving the endoscopic fiber?
Although the modal population will remain fairly stable [31-33], this latter questioning is
all the more important as NADH lifetime analysis which is the main goal of our work
relies on quite subtle changes making the IRF stability a pivotal question.

Surprisingly we only found one study which addresses these questions [22]. So the aim of
this paper is to bring an additional insight to this IRF question by applying it to the most used
nonlinear microendoscopy configuration (i.e. distal scanning using a monomode
excitation/multimode collection double clad fiber). Femtosecond laser setups typically exhibit
pulse durations and period variabilities of =100 fs [34]. They are not likely to influence the
system IRF, so we investigate the fiber influence on the Impulse Response Function (IRF) of
our system, using femtosecond and picosecond test signals, for available fiber lengths and
collection cladding numerical apertures (NA). Using tools like average lifetime calculation,
phasor representation [35] and deconvolution we compare fluorescence lifetime histograms
acquired in free space and through our fibers and show their ability to allow for accurate
lifetime measurements, even for long (> 5m) fibers. The phasor representation shows a clear
separation between short (< 600 ps) and long (> 1.5 ns) lifetimes and highlight the potential
of our configuration to distinguish lifetime structures originating from specific metabolism
states [6]. Finally we apply our observations in a fiber microscope configuration with
proximal detection on NADH-FLIM imaging of HT29 colorectal cancer cells. We make use
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of the phasor representation as a fitting-free, and thus straightforward and quick visualization
way, compatible with the speed requirements of endoscopy.

2. Materials and methods
2.1 Fiber characterization setup

As the Fig. 1(a) shows, during the imaging (see sect. 2.4), the biological sample excitation is
made by injecting a femtosecond laser into the fiber inner core (see the Fig. 1(b) for the fiber
geometry description) at the proximal end. The fluorescence is collected by the distal whole
inner surface (i.e. {inner core + second core (called “inner cladding in the abstract)}), and
travels from this distal end to the proximal one and towards the detector. We studied the
influence of the fiber on the measured lifetimes using various laser test signals, simulating the
sample fluorescence, injected over this whole distal inner surface. The setup used to
characterize the fibers is depicted in Fig. 1(c). The primary source was a Ti:Sa laser (MIRA-
900, Coherent, Santa Clara, Ca, USA) pumped by a 15W Verdi laser and producing = 100 fs
pulses at 860 nm.

For the study of the intermodal dispersion alone we used two different kinds of relatively
narrow bandwidth signal being either:

* direct 860 nm Ti:Sa laser pulses,

« wavelength tunable ultrashort pulses called solitons, generated in a first 35-cm photonic
crystal fiber (PCF, called PCF1) which produced, depending on the injection
conditions, =100 fs / 20 nm-wide pulses with a carrier wavelength ranging from 900
to 1050 nm, through the soliton self-frequency shift (SSFS) process [34] (Fig. 1(d),
the SSFS pulse being the one centered on 920 nm). The 860-nm pump residue is
subsequently filtered (900 nm long-pass filter (“LPF”), Thorlabs)

On the other side, the combined effects of both chromatic and intermodal dispersions were
studied using a short (<2ps) and wide bandwidth supercontinuum (SC) [36], generated in the
same fiber PCF1 but using different injection conditions, giving a spectrum spanning from
860 to 1050 nm (figure (d)).

Before being launched to the distal end of the fiber Under Test (FUT), these different
infrared test signals (direct Ti:Sa laser, SSFS pulses, SCs) were focused in a BBO crystal to
match, by Second Harmonic Generation (SHG), the NADH fluorescence detection range
(=[430:490] nm). Their properties were measured using a fiber-based spectrometer (Thorlabs,
CSS175) and an intensity autocorrelator (PulseCheck, APE GmbH, Berlin, Germany).

Additionally to these large bandwidth visible signals, fluorescence lifetime measurements
on coumarin 515 (Exciton, Oakley, OH, USA, diluted in ethanol) were performed by focusing
directly the primary Ti:Sa laser source into a 1-cm silica spectrometer cuvette (see Fig. 1(c)).

The generated second harmonic/fluorescence signal was isolated from the laser residue
(Thorlabs FGB18 and Semrock 720/SP filters) and injected into the FUT with a microscope
objective. The numerical aperture (NA, 0.4) of the latter was higher than the FUT collection
cladding (0.2 to 0.24) and was used along with a thin film polymer diffuser to populate all the
fiber modes. At the fiber proximal output a high collimation objective NA (0.65) avoided
eventual fiber mode filtering. This configuration ensures also that any significant mode
leaking and mode coupling, e.g. resulting from a strong bending, can be detected. We
checked the proper fiber injection using a CCD camera (DCC1545M-GL, Thorlabs).
Depending on the wavelength of the signal, filter combinations were added to a 720 nm short-
pass one (Semrock 720/SP). The signal was finally detected with a fast photomultiplier tube
(PMT) (H7422P-40, Hamamatsu, Japan), amplified (200 MHz bandwidth amplifier, HCA-
200M-20K-C, FEMTO Messtechnik GmbH, Berlin, Germany), shaped into 6.5 ns TTL pulses
by a discriminator (TDC2000 discriminator, FAST ComTec GmbH, Berlin, Germany) and
treated by a 4-ps resolution TCSPC device (PicoHARP, Picoquant GmbH, Jena, Germany)
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for lifetime measurements. The time reference was taken from the trigger output of the laser
and shaped with a similar discriminator. A flip-flop mirror situated before the fiber injection
allowed {detector + electronics} IRF calibration.

(a)  Fiber Under Test (FUT)
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Fig. 1. Experimental setup. (a) Characterization vs imaging arrangement. (b) FUT
microstructure (taken from [21]). (c) Experimental setup. SSFS: Soliton Self-Frequency Shift,
SC: SuperContinuum, SHG: Second Harmonic Generation, LPF: long-pass filter, BPF: band-
pass filter, SPF: short-pass filter, TCSPC: Time Correlated Single Photon Counting, IRF:
Impulse Response Function, CCD: Coupled Charge Device, FUT: Fiber Under Test. (d)
Typical excitation signals: SSFS ultrashort pulses (left) and spectrally broad supercontinuum
(right). (e) Current scanning head for the imaging experiment.

Lifetime decays were composed of 10° to 10° counts to ensure a good signal to noise
(SNR) ratio, adjusted using the excitation power, neutral densities before the detector and the
TCSPC total counting time if required. Each free-space measurement (i.e. without fiber) was
made directly before or after the corresponding fiber one to ensure similar measurement
conditions. Fiber IRFs were fitted with Gaussian functions using OriginPro (OriginLab
Corporation, Northampton, USA). Considering that the measured IRFs can be viewed as the
convolution of the free-space and fiber IRFs, the FWHM duration of the fiber IRFs were
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obtained as IRFgpe, = (IRF2t0tal — IRF*ee space)l/z. Uncertainties were calculated, taking into
account both fit uncertainties and statistical dispersion of measurements (Student’s t-test
p<0.05). Fluorescence lifetime histograms were deconvolved by their respective IRFs and
fitted using the DecayFit software (www.Fluortools.com) to get the average lifetime. The
uncertainty calculation was obtained as 4.3 times the standard deviation to get a 95%
confidence interval in the lifetime values.

2.2 Fibers under test (FUTs)

The FUTs are double-clad PCFs similar to the one described in Ducourthial et al. [21]. They
are composed of a 3.5-um pure silica inner core (see Fig. 1(b)), separated from the 188-pm
inner collection cladding (depicted as “second core”, see Fig. 1(b)) by an air-filled pure silica
microstructure. This pure silica fiber is devoid from auto-fluorescence generation contrary to
doped silica fibers. The second core is separated from the outer silica jacket by an air clad.

Their principal characteristics are summarized in the Table 1. Fiber A1 has been cut out from
fiber A2.

Table 1. Tested fibers main properties

Fiber reference Al A2 B
Length (m) 4 8.15 6
Cladding NA 0.24 0.24 0.2

2.3 Phasor calculation and representation in imaging

We used the phasor representation [35,37], which provides a quicker and deeper insight than
classic deconvolution or average lifetime representation while requiring less photons and
computation time, as a non-fitting method. Phasor is a complex plane-like representation of
our lifetime histograms, which coordinates are given by:

[7 1) cos(anyar
g(o)=2—— (1.1)
jo 1(¢)dt
[ T I(¢)sin(ar)dt
s(@)=2—— (1.2)
jo I(t)dt

A monoexponential decay with a characteristic decay time t will be located on a semi-
circle going from {1,0} to {0,0} coordinates, the {1,0} point corresponding to T = 0 ns while
the {0,0} one corresponding to T = + . A multiexponential decay will be located on the
center of mass of the polygon made from its monoexponential components. In the case of
lifetime images, each pixel will give a point on the phasor with quick and agile binning
capabilities. The lifetime histograms acquired had their maximum at t = Os and they were
corrected from a noise baseline before phasor calculations using Matlab (Mathworks) for the
IRF and coumarin histograms and the MAPI software [37] for lifetime images on cells. In this
case a 3x3 pixel binning was applied to the data and the lifetime image represents the mean
lifetime value.

2.4 Fluorescence lifetime imaging

Imaging experiments were conducted on a fiber microscope similar to the one described in
[38], where we used a 63x/1.15 NA water immersion objective (Zeiss) and the lifetime
measurement modality instead of a spectrometer. A high NA lens (0.53, > 0.24 highest
cladding one) was used to collimate the excitation pulses before the scanning head (and thus
to inject the collected fluorescence into the fiber) and avoids measurement artefacts raising
from modal selection (e.g. selective injection on the fiber lower modes). The scanning head
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could be freely operated in a user hand (see Fig. 1(¢)). The configuration could deliver up to
110 mW @ 760 nm. Cell imaging was conducted using 20-25 mW of =50-100 fs pulses at the
focal point. The laser was another Ti:Sa laser (MICRA, Coherent, Santa Clara, Ca, USA).
Fluorescence photons were filtered by a 720 shortpass filter and a 460-80 nm bandpass one
(Semrock) and were also detected using Hamamatsu H7422P-40 PMTs. Lifetime acquisition
was done using a latency-free digitalizer (MCS6A, FAST Comtec GmbH, Berlin, Germany)
with a 100ps resolution (50 ps using an interleaved treatment over 2 laser periods) and a 100
Mcps (Mega counts per second) peak count rate. This device allows for common dwell times
(=1-100 ps) and easy integration on fast imaging systems, the required amount of photons
being acquired over several frames. Its IRF was measured, in free space, using the SHG
signal of the MIRA laser focused on the BBO crystal, and on the fiber microscope using the
SHG signal of collagen of a rat tail tendon sample. In this case the SHG signal was isolated
from the collagen fluorescence using a 14-nm wide bandpass filter around 380 nm (FFO1-
380/14-25, Semrock). The intensity images were obtained by summing the photons of each
histogram corresponding to each pixel. Lifetime images represents the mean lifetime for each
pixel. FLIM data were collected until 200 to 300 photons in 10% of the pixels were collected.
This signal level was obtained by the sum of 20 to 30 acquisitions. We choose an imaging
configuration (200x200 pixels, 10 us dwell time) to reach a > 1 fps (frames per second)
possible imaging speed. The sample scanning was synchronized to the digitalizer acquisition,
which imposed a transfer and treatment time after acquisition of a few seconds.

2.5 Cell cultures and treatments

HT29 colorectal cancer cells were maintained in McCoy’s 5A medium (Gibco, Life
Technologies) containing 1% antibiotics (penicillin-streptomycin) and 10% FBS at 37°C with
a 5% CO,. Just before imaging, culture medium was exchanged to Live Cell Imaging
Solution (LCIS, Molecular Probes/Life Technologies) to avoid background fluorescence
noise from the medium. Sodium cyanide (NaCN) in PBS was used to block the respiratory
chain of the cells. It was diluted to 4 mM and cells were imaged immediately after NaCN
addition.

3. Fiber characterization and suitability
3.1 Influence of the fiber dispersions on the IRF width

As NADH fluorescence is collected by the wide (188 um in diameter, NA 0.2 to 0.24) fiber
silica cladding, the material chromatic dispersion and the thousands of propagated modes will
both result in modified arrival times of the fluorescence photons through the chromatic and
intermodal dispersions. As a consequence the Impulse Response Function (or IRF) of the
system is:

IREola/ = IRcht ection * [RFﬁbL’r (2)
= IRF:iel ection * (IRF;‘hramatic * IRF;nt ermod al)

with IRF geection being the IRF of the detector and the measurement electronics, IRF ¢pomaic and
IRFyermodat the IRF due to, respectively, the fiber chromatic and the intermodal dispersions, *
the convolution product. Thus, we can expect that the full-width at half maximum (FWHM)
of the fiber IRF fulfills:

MaX(IRE e IRl moaa) < IRFgp™ < ARFG 0 + IRFL Ly (3)

On the one hand, because of material chromatic dispersion, the silica refractive index
evolves quickly in the NADH detection range (several tens of nm around 460 nm) and can
lead to a strong contribution to the total IRF. Because of the width of the collection cladding,
the contribution to the chromatic dispersion coming from the waveguide is supposed to be
negligible in comparison with the one coming from the material (i.e. silica). The Fig. 2(a)
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shows the calculated pulse broadening as a function of the fiber length, taking into account
only the fused silica chromatic dispersion [39] and considering typical detection bandwidths
(50 and 80 nm) at a central wavelength of 450 nm [38]. In this configuration we find
reasonable amounts of dispersion (< 400 ps) for relevant fiber lengths (Sm) which is of the
order of magnitude of our detector IRF FWHM (=350 ps) and should not hamper lifetime
measurements.

b

zeo0, @ .~ @600 ®)
s e 2
= o k3
8400 e S 400
o o ©
5 3
5200 e £ 200
£ 3
O L £

y
% 5 10 % 5 10
Fiber length (m) Fiber length (m)
1 Fiber A1 Fiber A2 ] Fiber B
475 nmi y
(c) o gzpssamnm (d) (e)
08 / / 08 0.8

£

£08 06 06

z

é 0.4 0.4 04

E

02 02 02
% 2 4 6 % 2 4 6 % 2 4 6
Time (ns)

Fig. 2. Fiber dispersion influence estimation and characterization. (a) Calculated chromatic
delay for a signal with a 50 (plain) and 80 (dashed) nm spectral bandwidth centered on 450
nm. (b) Calculated intermodal delay for a 400 nm carrier wavelength — 0.24 NA fiber (dashed
black), 500 nm carrier wavelength — 0.24 NA fiber (plain grey) and a 450 nm carrier
wavelength — 0.2 NA fiber (plain black). (¢ to e): Measured free-space (red) and fiber (green)
IRFs. (c) Fiber Al (0.24 NA, 4m). (d) Fiber A2 (0.24 NA, 8.15m). (e) Fiber B (0.2 NA, 6 m).
On each plot, from left to right: 430 nm/100 fs pulses, 475 nm/100 fs pulses, 425-510 nm/2 ps
supercontinuum. The fiber A2 was no longer available when using the supercontinuum.

On the other hand, the large number of fiber modes (=6.10%) within which fluorescence
photons can be guided will impose an amount of intermodal dispersion that can be estimated
using a rough geometrical optics approach:

At:max[Lno—(/l)(L—ID, 0<6<6,(1)
c cos(6@)

with L the fiber length, ny(A) the pure silica refractive index [39], ¢ the speed of light and 6,(A)
the critical ray angle related to the inner cladding numerical aperture (NA). The Fig. 2(b)
represents the temporal broadening induced by the intermodal dispersion as a function of the
fiber length for the 2 kinds of fiber used. This broadening is also reasonable (< 400 ps) for
relevant fiber lengths (Sm) which is allowed by the moderate cladding NA (0.2 to 0.24). The
0.24 NA dispersion is of course higher than the 0.2 one so a compromise between collection
efficiency and the intermodal dispersion should be sought. The carrier wavelength variation
has only a limited influence on this dispersion, which we verified by our measurements. The
fiber inner core is separated from this collection cladding by an air-silica microstructure
which may perturb and filter the higher order modes. So we speculate that these estimations
may somewhat overestimate the real effect of intermodal dispersion. An important

4)
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observation is that we can expect a fiber IRF FWHM of less than 1 ns for up to a relevant 5-m
fiber length. A more precise evaluation is to consider that

IRE = \[IRE}, e + IRE s ()
taking into account gaussian shapes.

These durations can be handled by common lifetime imaging systems, e.g. through IRF
deconvolution or direct phasor representation, so our fibers should be compatible with
lifetime measurements.

IRF measurements on the different FUT are shown in Fig. 2(c to e). Their FWHM is given
in Table 2. First, we consider the impact of intermodal dispersion on 4-m of the fiber A1l (Fig.
2(c)). We can notice a =350 ps detector IRF FWHM (free-space measurement, red plot)
which is the expected order of magnitude for our detector [40]. We also confirm the limited
effect of the wavelength on the intermodal dispersion in the working interval (values not
shown in the table). We find an intermodal duration close to the calculations. As mentioned
earlier we explain the little discrepancy as the possible impact of the fiber microstructure
which could act as a “mode-filter”, and thus advantages, e.g., the faster modes over the slower
ones.

Using the supercontinuum, through which we can measure the impact of both dispersions,
we find just a slight increase of the duration. As the Eq. (5) shows, this moderate increase is
attributed to the convoluted nature of combination of the chromatic and intermodal
dispersions. The supercontinuum non-flatness could favor some wavelengths and lower
somewhat the effect of the chromatic dispersion, but we believe it to be wide enough to
induce, still, a clear effect. In this case the slight detector IRF broadening had no consequence
on the measurements as we can still notice an IRF broadening due to the presence of the FUT.
Intermodal dispersion measurements made on the fiber A2 (Fig. 3(b)) lead to longer IRFs, but
again shorter than expected, for which we cannot exclude manufacturing imperfections. This
fiber length was no longer available when using the SC for measurements so the impact of
chromatic dispersion could not be quantified. Finally, measurements were made on the fiber
B which led, this time, to a lower value using the supercontinuum, which is surprising.
Further investigation is required on this fiber, like the influence of the modal population and
spectral transmission, to explain this behavior.

Table 2. Fibers’ characterization metrics calculated dispersions compared to the

deconvolved IRFs (rows 1 and 2), comparison between free-space and fiber coumarin 515
average lifetime (row 3).

Fiber Al A2 B

Intermodal dispersion IRF duration @ 430 266721027 546 /294 + 9 276 /280 + 26
nm - calc. / mes. (ps)

Total fiber dispersion IRF (50 nm width)
Calc/Eq. (3) @ 430 nm

266<IRF<510 | 550<IRF<1100 | 276<IRF<650

312 636 359
Calc.Eq. (5) /275 + 35 - 258 £42
mes. (ps)

Co?ma;i;lFllfetlme, deconvolution by the 1.88 +0.04 / 1.99+0.04 / 1.99 + 0.04/
system (ns) 1.81+0.26 1.91 £0.04 1.86 +0.08

Free space/fiber
These measurements show that the fiber IRF, that is similar to the one from the detector,
should not prevent fluorescence lifetime measurements. Especially the whole system IRF
(fiber and measurement system) lies below 600 ps even for a long (8m) fiber which is
perfectly suited to a clinical use. Fiber A (Al or A2) is particularly suitable to endoscopic
FLIM as it combines good collection efficiency to short IRFs. Such IRFs may not have to be
deconvoluted, reducing the computation time and improving the overall imaging speed. As a
perspective the collection NA could be even more increased to improve the detection
efficiency and so the imaging speed, while being no detrimental to a precise measurement.
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3.2 IRF stability to fiber movements

The air clad around the fiber second core is related to a strong index difference which can
tend to neglect mode leaking induced during fiber bending. Bending-induced mode coupling
is a more subtle phenomenon which could induce a variability in the IRF and which influence
is not easy to foresee. Hence one has to make sure that IRF variability, especially its peak
variability, is not noticeable in the case of subtle NADH lifetime variation measurements.

We addressed this question by measuring the IRF center of mass variability for fibers Al,
B (the fiber A2 was not available at the time of the measurements) which were subject to
fiber movements typical of an imaging session (hand-induced random centimeters movements
in the three directions, at a varying frequency of 1 to a few Hz), with curvature radii
variations from several meters towards about 10 cm. We considered the difference between
the maximum and minimum value of the center of mass, as a worst case variability parameter.
We made 3 runs of 10 measurements for each condition. We used 100 fs /430 nm signals,
populating all the possible modes thanks to a high NA injection objective complemented by a
diffuser. In the case of fixed fibers, variabilities were below 70 ps which is comparable to the
detection electronics ones. These measurements are shown in the Table 3.

Table 3. Influence of the fiber movements and curvature radius on the intermodal

dispersion. The value represents the maximum difference between the different centers of
mass (in picoseconds).

Fiber Detection IRF No movements Movements
Al 12 19 18
B 28 52 49

We found differences of less than =50 ps again in all cases. This result confirms the fairly
good stability of the modal population, even with fiber movement, for moderate bendings, as
the air crown around the second core ensures a strong guiding. The pivotal point is that these
variabilities are lower than typical variations of the NADH long lifetime component between
sane and cancerous cell states (see [6], e.g.). Plus, the limited number of photons (typically <
1000/pixel [5]), required for fast image acquisition, will introduce even higher variabilities
[37] so the modal population variability will not constitute the ultimate limitation of our
system.

3.3 Validation using a reference dye

The suitability of our fibers was confirmed by comparing free-space and fiber measurements
of the fluorescence lifetime of coumarin 515 in ethanol. The Fig. 3 shows typical lifetime
histograms obtained, here, for fiber A2, i.e. for the less favorable conditions in terms of
system IRF (the longest fiber with the highest NA). A good agreement between free space
and fiber measurements is observed and is moreover consistent with the literature (1.9 + 0.3
ns [41]). The Table 2 shows deconvoluted average lifetimes for all the FUTs. This
deconvolution assumed mono-exponential decays which gave y* systematically below 2, bi-
exponential hypothesis did not show significant y* reduction. Free-space and fiber mean
lifetimes were similar (difference < 10%), except for the fiber B which also shows
counterintuitive IRF measurements. We can notice a slight lifetime decrease, of no influence
on the lifetime structure (similar mono-exponential fits and similar position on the phasor, see
the Fig. 3(b)), which origin is under investigation. The difference in the average lifetimes
between the different fiber lengths is also present in the free-space measurements and could
originate from slight measurement calibration differences, not from the fibers themselves.



Research Article Vol. 9, No. 1| 1 Jan 2018 | BIOMEDICAL OPTICS EXPRESS 153 I

Biomedical Optics EXPRESS -~

3 0.5
(a) (b)
25 0.4
g 2
5 0.3
5 15 »
o
5 02
S
05 0.1
0 0
0 4 6 8 10 12 0 0.2 0.4 06 0.8 1
time (ns) g

Fig. 3. Coumarin 515 fluorescence measurements through the fiber A2. Red = free-space.
Green = fiber. (a) Typical TCSPC histograms. (b) Phasor representation. Coumarin
fluorescence phasors are located near g = 0.5 and the IRFs near g = 0.95. Black cross: phasor
corresponding to ref [41].

The phasor representation for fiber A2 (Fig. 3(b)) confirms the good agreement between
free-space and fiber measurements and the literature [41] (black cross on Fig. 3(b)). We
intentionally show raw lifetime histograms, without deconvolution, to highlight the suitability
of this technique for quick representation. The slight lifetime decrease between free-space and
fiber is visible. Especially, a major result is the suitability of our longest fiber (=8m), which
possesses in the same time a good collection NA (0.24). We confirm here our previous
observation that an even better collection efficiency, using higher NA for reasonable fiber
lengths (e.g. 5 to 6 m) is possible and would be beneficial to the imaging speed. Finally, the
coumarin lifetime (=2 ns), along with IRFs (=400 ps) mimics quite well bound and free
NADH lifetimes respectively. This shows that our fiber device could well discriminate
different lifetime decays coming from different metabolic states, especially between marked
states of very different lifetimes [8].

4. Validation by endogenous fluorescence lifetime imaging

The fast digitalizer used for lifetime imaging was calibrated and compared to the more
widespread PicoQuant device used in section 3. We get a =430 ps IRF in free space (Fig.
4(a)) which is very similar to the PicoQuant one and adapted to lifetime imaging. We can see
a slight difference in the temporal shape of its IRF compared to the PicoQuant device which
results in a slightly different place on the phasor. This difference do not prevent lifetime
measurements as we obtain a very good agreement, without deconvolution, between
coumarin fluorescence phasors (see the Fig. 4(b)). Then the IRF of this digitalizer, integrated
on the fiber microscope, was evaluated using the SHG signal generated on a rat tail tendon.
We found a slight stretch to 560 ps as a result of the >3-m fiber dispersions (NA = 0.24),
maybe due to the microscope detector which was different from the one used for fiber
measurements and very partly to the collagen fluorescence [38,42], although being filtered
out.

We made additional IRF variability measurements using the fibered microscope setup,
where we induced the same fiber movements as described in sect. 3.2. We used the SHG
signal coming from a rat tail tendon embedded into solid paraffin with diffusion miming a
real tissue. We got variabilities of less than 100 ps, with a standard deviation of less than 50
ps, with no significant difference between a standing still and mobile fiber. Similar results
were obtained with the fiber B. In that configuration the variability of the detection
electronics could not be measured, but we can state that the fiber variability will be, at least,
below these values.
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Fig. 4. Fast digitalizer suitability assessment using a 4-m/0.24 fiber. Red = PicoQuant
reference device, green = Fast digitalizer. (a) IRF measurement using the Picoquant device
(red), and the Fast digitalizer (dashed green) in free space, and the fast digitalizer in the fibered
configuration (plain green). (b) Phasor of the IRFs (stars) and the raw coumarin histograms
(crosses).

Finally, imaging was performed on label-free HT29 living cells to assess NADH lifetime
imaging (Fig. 5). We can distinguish on the intensity image (Fig. 5(al)) nuclei ghosts and a
signal which mainly originates from the mitochondria [6]. The Fig. 5(a2) is the mean lifetime
image of a 3x3 pixels binning followed by a 5 photon/bin threshold. High intensity regions
shows a good overlap with lower lifetimes, but lower lifetimes do not exclusively overlap
with them, which confirms that our lifetime imaging brings another point of view compared
to intensity imaging. The phasor (Fig. 5(c)) was obtained by a 5x5 pixels binning and relates
quite well to a combination of free and bound NADH [5]. Moreover a clear shift (from green
to red) to a lower lifetime structure, in good agreement with the literature [10], can be seen
after the addition of sodium cyanide (NaCN), which is known to block the cellular respiration
and to lead to an accumulation of free NADH and thus to a lifetime downshift. This
downshift can also be distinguished on the Fig. 5(b2), which shows the mean lifetime after
NaCN addition. Finally, a =20% increase in the fluorescence signal was noticed which is
consistent with the increase of the free NADH pool [43]. Importantly, these results were
obtained using less than 150 photons/pixel, a 0.4-second frame acquisition time, and
reproduced when fiber movements described in sect. 3.2 were induced (not shown), which
confirms the potential of our configuration for a > 1 fps imaging speed and thus for real
applications.

5. Discussion

In addition to this first proof of principle of nonlinear label-free FLIM through several meters
of endoscopic fibers, many improvements and working directions can be considered. The
current imaging frame rate is limited by the transfer and treatment delays from the digitalizer
to the computer. These operations could be processed in parallel to intensity imaging to get a
lifetime image in a few seconds or less along with video rate intensity imaging. If required the
imaging part in contact with the tissues could be equipped with a suction system to avoid
movement artefacts [44], allowing for medical or fundamental biology applications on patient
or freely behaving specimens. Despite of our precautions noise was still present. An
optimized noise reduction should reduce the number of acquisitions to less than 10 using this
current setup and allow for an even higher frame rate (2.5 fps here). Specific developments
using PCI cards like the PicoQuant TimeHARP 260 nano could also result in higher imaging
photon flux and data transfer rate [45]. Concerning the optical part in itself, the collection
cladding NA could be increased to collect more signal without being detrimental to lifetime
precision (see sect. 2.1). Plus, the 760 nm excitation wavelength is chosen to lower the
photodamage at the expense of the efficiency. Lowering it to 740 nm, along with overall
optimization, should lead to quicker imaging. As a perspective, point-measurement has been
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made at the center of the truly miniaturized endoscopic configuration described in
Ducourthial et al [26] and has led to similar IRF measurements. So we can hope for a very
soon application of this technique to more integrated microendoscopes.

(al) Normal

(b1) NaCN
KKK

10 15 20
Acquisition (arb.)

Fig. 5. HT29 cell lifetime imaging. (al,a2) Before and (b1,b2) after addition of sodium cyanide
(NaCN). (al,bl) Intensity images, no binning. (a2,b2) Mean lifetime images, 3x3 pixels
binning. (c) Phasor representation, 5x5 pixels binning. Free and bound NADH positions are
taken from [5,6]. (d) Signal intensity evolution over the acquisitions. Scalebar = 20 pm.
200x200 px, 10 us dwell time. Green = before and red = after NaCN addition.

6. Conclusion

We paved the way to nonlinear microendoscopic fluorescence lifetime imaging. The
influence of intermodal and chromatic dispersion experienced by fluorescence photons
collected by the endoscopic double-clad fiber were numerically evaluated and measured for 2
different meters-long special endoscopic fibers. These measurements lead to surprisingly low,
but nevertheless partly explainable, dispersion values of 200 to 400 ps which can be
accurately deconvoluted along with the detection IRF from lifetime measurements.
Fluorescence lifetime measurements on coumarin confirmed the suitability of our fiber for
lifetime nonlinear endoscopy and brought first evidence of possible NADH lifetime imaging
possibility. First nonlinear NADH lifetime imaging finally validated our approach on an
endomicroscopic configuration.
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