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Impact Statement

Fluorescence imaging is a diagnostic modality
that offers high sensitivity and minimally invasive
detection. Practical medical detection/imaging is
done on a highly scattering and emissive biological
medium-like tissue, physiological fluids, or cellular
environment. The fundamental limiting factor for any
biomedical imaging and detection is the signal-to-
background ratio (SBR). Our work presents a sim-
ple and effective solution to increase the SBR and
improve image quality in highly scattering media.
The innovation of our approach is the use of excita-
tion pulse sequences with long-lived fluorescence
emitters that lowers the relative background contri-
bution and allows for simple image subtraction to
decrease background and scattering contributions.
Practical applications can easily be realized with
currently available laser drivers and time-resolved
detectors or cameras. Our approach shifts the atten-
tion from improving the brightness of fluorescence
probes to developing a technological approach that
suppresses background contribution when long-
lived fluorescence probes are used combined with
time-gated detection.

Abstract

Optical biomedical imaging and diagnostics is a rapidly growing field that provides
both structural and functional information with uses ranging from fundamental
to practical clinical applications. Nevertheless, imaging/visualizing fluorescence
objects with high spatial resolution in a highly scattering and emissive biological
medium continues to be a significant challenge. A fundamental limiting factor for
imaging technologies is the signal-to-background ratio (SBR). For a long time to
improve the SBR, we tried to improve the brightness of fluorescence probes. Many
novel fluorophores with improved brightness (almost reaching the theoretical limit),
redshifted emission, highly improved photostability, and biocompatibility greatly
helped advance fluorescence detection and imaging. However, autofluorescence,
scattering of excitation light, and Raman scattering remain fundamental limiting
problems that drastically limit detection sensitivity. Similarly, significant efforts were
focused on reducing the background. High-quality sample purification eliminates
the majority of autofluorescence background and in a limited confocal volume
allows detection to reach the ultimate sensitivity to a single molecule. However,
detection and imaging in physiological conditions does not allow for any sample
(cells or tissue) purification, forcing us to face a fundamental limitation. A significant
improvement in limiting background can be achieved when fluorophores with a long
fluorescence lifetime are used, and time-gated detection is applied. However, all
long-lived fluorophores present low brightness, limiting the potential improvement.
We recently proposed to utilize multipulse excitation (burst of pulses) to enhance
the relative signal of long-lived fluorophores and significantly improve the SBR.
Herein, we present results obtained with multipulse excitation and compare them
with standard single-pulse excitation. Subtraction of images obtained with a single

pulse from those obtained with pulse burst (differential image) highly limits background and instrumental noise resulting in more
specific/sensitive detection and allows to achieve greater imaging depth in highly scattering media, including skin and tissue.
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Introduction

Fluorescence is a process occurring after absorption of a
photon when the excited chromophore releases part of the
absorbed energy after some duration of time in the form of
a typically lower energy photon (i.e. longer wavelength).*
The average time duration between the absorption and emis-
sion process for a fluorophore is called the fluorescence life-
time. It is important to remember that the process of photon
emission after excitation is a statistical phenomenon, and
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fluorescence lifetime represents the time after which 63.2%
of the excited chromophores have returned to the ground
state (both in radiative [I'] and non-radiative [k, ] pathways).
As a result, a fluorescence probe will be characterized by a
specific fluorescence lifetime, 1, and a specific quantum yield
(QY) as defined by
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where I is the radiative decay rate and k,, represents all
non-radiative decay rates. For the majority of typical fluoro-
phores, the fluorescence lifetime will range from sub-nano-
seconds to a few nanoseconds, and only a handful of emitters
will have a longer fluorescence lifetime. Long-lifetime emit-
ters may have lifetimes in the range of 20ns like ADOTA%% or
ethidium bromide when intercalated to DNA,”8 to hundreds
of nanoseconds and microseconds like ruthenium metal-
ligand complexes®!? (MLCs) and some metal clusters,'>14
or even milliseconds with lanthanide-based emitters.!>-18
Some quantum dot-type emitters will also have long emis-
sive lifetimes over 20ns.120 A separate case is represented
by the phosphorescence process, which can have very long
emission lifetimes.?*-23 Regardless of the nature of the fluo-
rophore, a common characteristic of long lifetime emitters is
typically a very low brightness, drastically limiting the uses
of such probes. This low brightness is dictated by quantum
mechanical principles.?* The long fluorescence lifetime is
typically a consequence of a very low extinction coefficient,
or very low QY, or both.

Because of its sensitivity and flexibility, fluorescence
spectroscopy has been widely used in biomedical diagnos-
tics, real-time visualization of biomedical processes, and
imaging.!'™* It offers excellent sensitivity and high resolu-
tion. However, the sensitivity of any imaging method is
limited by the background signal, and the highest sensitiv-
ity at the level of a single molecule can only be effective in
a background-free environment.!®172> Unfortunately, the
background is a primary concern for practical diagnostics
applications in physiological conditions.?>-?” To reduce the
background contribution for fluorescence detection, much
effort has been focused on developing near-infrared (NIR)
fluorophores and fluorescent nanomaterials.?®-* The advan-
tage of moving the detection toward the red/NIR range is
that the autofluorescence from biological components and
tissue significantly decreases, and a higher penetration
depth can be achieved. Even though this allows for a great
increase of sensitivity, scattering of excitation light and espe-
cially Raman scattering (mostly of water) remains a signifi-
cant problem. Unfortunately, even if most red /NIR emitters
present a good QY, their Stokes shift between absorption and
emission spectra is very small, and fluorescence lifetimes are
very short. As a result, distinguishing the true emission sig-
nal from excitation light scattering and Raman background
is a significant detection barrier. These are the reasons why
chemiluminescent (CL) materials usually offer better sensi-
tivity (luminescence signal does not require excitation light
and is generated on optically background-free conditions),
and a higher penetration depth can be reached.?-3* Two-
photon excitation of fluorescence allows to reach deeper into
cellular systems, but autofluorescence background, scatter-
ing background, and background from second harmonics
remain a problem.

Despite the brightness limitation, long-lived probes
attract more and more attention and hold great promise for
practical imaging and diagnostic applications. A consider-
able advantage of long-lived probes is their possibility to
temporarily separate their emission from fast processes like
scattering, Raman scattering, or typical nanosecond fluo-
rescence.'%!” For this reason, a simple time-gating approach
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has been used to suppress short-lived signals (scattering and
background emission). Time gating is a passive approach
that always leads to not only a loss of the short-lived signal
but also, however smaller, a loss of the probe signal. Such an
approach has proven successful for very long fluorescence
lifetimes, as observed with lanthanide-based probes.!61”

Most tissues and biological/physiological fluids are
highly scattering and weakly emissive systems for which the
emissive lifetimes are short (below 2ns) with only a minor
contribution of longer (4-7 ns) lifetime components.?’3>-% In
addition, the probability of scattering interaction with tissue
components exceeds that of medium absorption by at least
an order of magnitude, leading to a much weaker excitation
and diffusion of emission light.

As schematically shown in Figure 1, fluorescence-based
detection in a complex medium presents multiple types of
processes that may perturb detection and should be con-
sidered. First, the excitation light is reflected and scattered,
which attenuates and diffuses the excitation of the chromo-
phore. In addition, the emission of photons of different wave-
lengths is accompanied by their scattering and diffusion.

Since the autofluorescence background presents a short
picosecond to nanoseconds fluorescence lifetime and scat-
tering is an instantaneous process, the use of long-lived
emitters and time-gated detection allows for significant
improvement in detection and imaging sensitivity. To mit-
igate the low brightness of long-lived chromophores, we
recently proposed an approach based on multipulse pump-
ing that greatly increases the observed signal from the long-
lived probe compared to the short-lived background. This
increase can be an order of magnitude when long lifetime
dyes are used. When using multipulse pumping and time-
gated detection (MPPTGD), even for relatively short probe
lifetimes in the range of 20ns, we increased the detection
sensitivity by two orders of magnitude.”38

We now realize that we can utilize this technology for
practical biomedical imaging. We can produce almost back-
ground-free images using pulsing technology and simple
image manipulation. In effect, we can precisely extract the
signal associated with the long-lived component and elimi-
nate the undesired short-lived components, scattering, and
background, which vastly increases detection sensitivity and
precision of imaging. In scattering systems like tissue, we
reject the scattered and diffusing photons and significantly
increase the detection depth. In practice, we can easily extract
the signal through the skin even with ultraviolet (UV)/blue
excitation and visible observation. Using red emitters, we
expect to be able to optically reach up to a centimeter depth.

Main text
Theoretical considerations

Some fluorescence probes like metal-ligand emitters and
many quantum dots offer long fluorescence lifetimes (over
100ns), but they present a relatively low brightness (small
extinction coefficient and low QY).2?* Low brightness is a
significant disadvantage, but a long fluorescence lifetime
offers great potential when time-gated detection is applied.
During the time delay between the excitation pulse and
gate time opening (beginning of the detection), both signal
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Figure 1. Schematic of excitation and emission of a fluorescent object in
tissue. Excitation beam (blue), ballistic excitation photons reaching the sample,
scattered photons reaching the sample, specular reflectance, and emission
(red) — direct and diffused (scattered). (A color version of this figure is available
in the online journal.)

components (from the probe and the background) exponen-
tially decay. Since the short-lived background components
from tissue and cells decay faster (with lifetimes below
10ns),?” the long delay after the excitation pulse improves
the ratio between the useful probe signal and the unwanted
background. However, the observable probe signal con-
sistently decreases with time delay, limiting the amount
of signal detected from the probe. This limits the detection
sensitivity, especially when the brightness of the probe is
very low. To increase the available signal from the long-lived
probe, we developed a multipulse pumping approach that
greatly increases the initial signal (relative contribution) of
the long lifetime component without changing the contribu-
tion from the short-lived components. In this case, the com-
bination of multipulse pumping with time-gated detection
can result in a few orders of magnitude detection sensitivity
enhancement.”

Let us consider the intensity decay of a system that con-
sists of two components, a background that has a short
fluorescence lifetime 7, (e.g. <5ns) and is characterized by
a broad single emission band (Gaussian) with a single maxi-
mum at 550nm, and a probe emission characterized by a
long fluorescence lifetime 1, (e.g. 300ns). The simulated nor-
malized emission spectra of the background and probe are
shown in Figure 2(A). For clarity of presentation, the probe
emission has two peaks at 540 and 630nm to be easily dis-
tinguished from the background emission, as presented in
Figure 2(A).

For our considerations, we assume that the background
emission is about 10 times stronger than the probe signal
and overlays the entire probe emission. The expected steady-
state emission of background, probe, and their composition
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Figure 2. Simulated normalized emission spectra of background and probe
(A) and expected steady-state emission of background, probe, and their
composition (B). (A color version of this figure is available in the online journal.)

are presented in Figure 2(B). The expected cumulative emis-
sion from the probe and background is presented as a dashed
line in Figure 2(B). Since we assumed that the background
contribution to the steady-state intensity is 10 times greater,
the cumulative emission is entirely dominated by the back-
ground. For known emission spectra, the cumulative emis-
sion can be precisely decomposed to separate background
and probe components. However, if a spectrum is unknown
(a frequent case with background emission of cells and tis-
sue), the deconvolution will not produce satisfactory results.
Also, from the point of view of imaging, a large background
contribution that is larger or even comparable to the probe
signal would disqualify any image analysis.

Figure 3 shows normalized (to 1 at the maximum intensity)
intensity decays for the probe and background (presented in
solid blue and black colors, respectively). The cumulative
intensity decay is presented as a dashed red line.

To fully follow the intensity decay for a lifetime of 300ns,
we used a pulse separation of 2000ns (500 kHz excitation
laser repetition rate). Let us consider two measurements in
time-correlated single photon counting (TCSPC) mode. First,
emission intensity decay in a standard single-pulse excita-
tion where the measurement is triggered by the excitation



pulse (Figure 4 [top]). The short component decays quickly,
and after 20ns, it is almost zero. Second (Figure 4 [bottom]),
we present the intensity decay trace when the excitation is

— = Background
S5 1.0 = Probe
© = = «Composition
N
~.0.8
=
(%2}
G 06
]
=
T 04
o
N
© 0.2 Seed
- i
Z 00 T T T T T
0 100 200 300 400 500
Time (ns)

Figure 3. Normalized intensity decays for probe (solid blue line), background
(solid black line), and cumulative intensity decay (dashed red line). (A color
version of this figure is available in the online journal.)
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achieved with a burst of N identical pulses (N =4 in the pre-
sented case) with a pulse-to-pulse separation of 25ns (pulse-
to-pulse separation for 40 MHz laser repetition rate). The
repetition for the bursts is the same as for a single pulse (i.e.
500kHz). Such a sequence of pulses is easy to realize with
a modern laser driver (e.g. Sepia from PicoQuant GmbH,
Berlin, Germany).

When using TCSPC, the integrated curve under the inten-
sity decay represents the measured steady-state intensity.
When integrating over the entire time range (including
pulses), the overall intensity for four pulses (the so-called
steady-state intensity) is four times greater than the intensity
measured with a single pulse. Also, the relative intensity
contribution from long and short lifetimes for the decay of
the mix is constant and independent of the number of pulses
in the burst. However, TCSPC mode allows us to initiate
photon counting with any wanted delay and keep the gate
open for any time of our choice. Let us now assume that we
initiate photon counting at time zero (as shown in Figure 4).
For a single pulse, this is the arrival time of the pulse, and for
the burst of pulses is the arrival time of the last pulse in the
burst (the arrival time for any previous pulse 7 in the pulse
train of N pulses is (n—N)At, where At is the pulse separa-
tion). Therefore, for the four-pulse burst shown in Figure 4,

Measurement time window

| |

N
|
—

Intensity
=

w
]

Intensity
N

[EEY
|

ML

ML

80

120

//

1900 0 [

Figure 4. Emission intensity decay in a standard single-pulse excitation where the measurement is triggered by the excitation pulse (top). The repetition rate of 500 kHz
results in a temporal spacing between pulses of 2000ns (1900ns is indicated as a reference). Intensity decay trace when the excitation is achieved with a burst of four
identical pulses with a pulse-to-pulse separation of 25ns (pulse-to-pulse separation for 40 MHz laser repetition rate). The additional three pulses in the burst are generated
before the first one. As a result, the single pulse is always aligned with the last pulse in the burst. (A color version of this figure is available in the online journal.)
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Figure 5. Expected signal from background (black solid line), probe (red solid
line), and their composition (dashed blue line) with four pulses. The collection
is initiated with the last pulse in the burst and the signal is collected for a time
shorter than 1900 ns but sufficient for both background and probe to decay. (A
color version of this figure is available in the online journal.)

the first pulse arrives at a time of ~75ns. Since we do not
want to collect signals during the time when the four pulses
excite the sample, we keep the time of gate opening shorter
than 1/RR—NAt, where RR stands for the repetition rate. In
this case, we will lose the intensity generated between pulses
during the burst (NAt —in our case, four pulses — 100ns). In
practice, if the pulse separation in the burst is a few times
longer than the fluorescence lifetime of the short component,
the intensity of this component completely decays between
each subsequent pulse. So, after the last pulse that triggers
the counting, the initial intensity of the short component is
comparable to the intensity with a single pulse (the initial
intensity after each pulse is the same) as shown in Figure 4.
On the contrary, for the long lifetime component (much
longer than the time At between pulses in the burst), the
population of excited probes will only decay partially, and
each subsequent pulse will increase the population of excited
long-lived probes. For the last pulse in the burst (time equals
zero), the initial intensity of the long component is much
higher. In practice, for a fluorophore that has fluorescence
lifetime 7, the number of excited molecules after n consecu-
tive excitation pulses in the burst can be described by

N(z,n,RR)=N,1=¢ " (2)
RR

where RR is the repetition rate in the pulse burst, and 7 is the
number of pulses. For short fluorescence lifetimes as com-
pared to the reciprocal of pulse repetition rate (1 <<1/RR),
the population of excited molecules after each pulse decays
to zero, and for long fluorescence lifetimes (1 >>1/RR), the
population of excited molecules quickly increases after each
subsequent pulse.

Effectively, in the measurement window, we significantly
increase the long component’s detected intensity while
keeping the short component at a constant level. In the dis-
cussed case of four pulses, the relative intensity of the long
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Figure 6. Differential spectrum obtained by subtracting the overall/total
spectrum detected with a single pulse from the total spectrum obtained with a
burst of four pulses (red solid line) and expected emission signal from the single-
pulse excitation (black solid line). (A color version of this figure is available in the
online journal.)

component increases over 3.5-fold, while the background
components and any other background contributors (e.g.
scattering) remain constant.

Let us now return to the experiment as presented in
Figure 2(B), where the background component (short-lived
component) dominates the signal. Such an overwhelming
background is completely unacceptable for any practical
experimental situation. The real signal is entirely buried
within the background (it is about 10% of the overall meas-
ured intensity), and typical intensity imaging will not be
able to reveal any appreciable changes in the probe signal.
In Figure 5, we present the signal expected with four pulses
where the collection is initiated with the last pulse in the
burst, and the signal is collected for the same time as in
Figure 2(B) (time shorter than 1900 ns but sufficient for both
background and probe to decay). In this case, the detected
intensity of the probe is over 3.5 times greater compared to
the background. The signal from the probe is much better
detectable, but it still constitutes only about 30% of the over-
all signal. If the signal with the single pulse and the burst of
four pulses are collected in identical conditions, the increase
in the overall signal with the burst is solely due to the inten-
sity increase of the long-lived probe. All the other compo-
nents (i.e. short-lived background, excitation light scattering,
Raman scattering, detector noise) remain constant and are
the same. We can perform a simple subtraction of the signal
detected with a single pulse from the signal detected with
four pulses. In this case, all constant components are nulling,
and the remaining difference exclusively represents the long-
lived component. In Figure 6, we present the differential
spectrum obtained by subtracting the overall/total spec-
trum detected with a single pulse (dashed line in Figure 2(B))
from the total spectrum obtained with a burst of four pulses
(Figure 5). In Figure 6, we also included the expected emis-
sion signal from the single-pulse excitation from Figure 2(B).
The detected differential signal is greater than the expected
signal from a single pulse, but the recovered emission spec-
trum is almost identical.
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40MHz (blue dots), normalized differential spectrum obtained with repetition rate
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(red solid line). (A color version of this figure is available in the online journal.)

In Figure 7, we show the normalized differential spectrum
(blue dots) and the normalized emission spectrum of the
probe (solid red line). The agreement between probe emis-
sion and the differential spectrum obtained by subtraction is
very good, and only a small variation can be observed at the
wavelength range of background emission. We want to notice
that the difference depends on the relative relation between
the pulse separation in the burst and the fluorescence life-
times of the probe and background. For example, increasing
the repetition rate to 80 MHz, which results in a pulse sepa-
ration of 12.5ns, not much longer than the assumed fluo-
rescence lifetime of the background (5ns), results in a small
deformation of the recovered spectrum. The normalized dif-
ferential spectrum is shown in Figure 7 as a dashed line.
The deviation from the expected probe emission spectrum is
much more pronounced with the greater RR. However, even
in this case, the obtained differential spectrum is very close
to the expected probe emission. We want to stress that the
initial contribution of the sample was only 10%.

There are a few important points to notice. First, the overall
detected signal from the probe excited with the pulse burst is
significantly greater than the signal detected with single-pulse
excitation. Second, the differential spectrum well reflects the
emission spectrum of the long-lived component (probe). Third,
any noise and ambient signals are canceled by the spectra sub-
traction. This creates a great opportunity for image manipula-
tion during typical tissue or cellular imaging. It is very easy to
collect images with a single pulse and subsequently images
with a burst of two or more pulses. There are various methods
for obtaining such pulse bursts as described by us.38-4!

However, much more effective for imaging would be to
utilize the already existing technology of interleaved excita-
tion, frequently used to perform the Férster resonance energy
transfer (FRET)-based imaging.#-#* Using modern drivers, it
is easy to generate a train of pulses, and the sample is excited
alternatively with a single pulse and a burst of a few pulses.
In such a case, two images are collected simultaneously, and
the differential image can be obtained instantaneously.*?

Ceresaetal.  Signal enhancement by background suppression 1845

Experimental section

To test our theoretical predictions, we selected a simple sys-
tem based on Rhodamine 6G (Rh) that has a short fluores-
cence lifetime below 5ns and an MLC - [Ru(bpy), (amino
phenanthroline)]?+ (Ru stands for Ruthenium) that has a
much longer fluorescence lifetime (over 300ns) but also a
much lower brightness.*> Also, due to the very long fluores-
cence lifetime, most of the emission is from the fully relaxed
excited state. We would not expect any significant spectral
modification during the emission time. First, we will dem-
onstrate that using an approach based on a single pulse and
pulse burst, we can clearly recover the Ru emission spec-
trum by simple subtraction of the measured single-pulse
spectrum from a multipulse spectrum. The demonstration
of good spectra recovery would establish a compelling case
for further image analysis. We want to stress that we expect
some spectral differences as observed with a single pulse
or burst of pulses. The emission process is a statistical phe-
nomenon, and even with a rather short lifetime of 5ns, we
may expect some molecules to be in the excited state after
25ns or more. These molecules will contribute (add) to the
overall spectrum observed after each pulse. The emission of
such late molecules will be from a highly relaxed state that
is expected to be shifted toward the red. This effect can be
much more pronounced for short-lived emitters and much
less pronounced for long-lived emitters.

Spectral analysis

We prepared solutions of Rh and Ru in water. These two dyes
easily mix and do not interact. Therefore, the observed emis-
sion is a simple sum of the two emissions.? In Figure 8(A),
we present the normalized steady-state emission spectra of
Rh and Ru in solution. In contrast, Figure 8(B) shows the
emissions for different mixes containing a different relative
amount of background (Rh) and probe (Ru) as measured with
single-pulse excitation. The solid black line represents the
measurement for an approximately 50:50 mixture of contrib-
uting signals. The solid blue line represents the measured
signal where the background constitutes ~90% of the total
signal, and the solid red line is the measured signal from the
mix where the background constitutes about 98% of the total
signal. From the measured, steady-state signals, it is already
clear that the 10% signal contribution of the probe is diffi-
cult to be distinguished from the overall emission spectrum.
Furthermore, the spectrum of only 2% of probe contribution
is almost identical to the background.

In Figure 9, we present the emission spectra for the same
solution as measured with one, three, and eight pulses bursts,
respectively, where the collection of photons was initiated
with the last pulse and the integration time was shorter than
the arrival time of a subsequent pulse burst. Therefore, for
Ru (fluorescence lifetime of 300ns), we used a burst of pulses
at a fundamental internal repetition rate of 40MHz and an
external repetition rate between bursts of 500 kHz. The pho-
tons are counted up to 700ns, which is sufficient for Ru to
almost completely decay. The spectra measured with a single
pulse correspond well to the measured steady-state emis-
sion spectra. In fact, these are time-resolved emission spectra
(TRES) for a zero-time delay. For the highest concentration



1846 Experimental Biology and Medicine

= 104A Ru only
o —— Rh only
£ 0.8
(2}
C
3 06
=
o
© 0.4-
N
©
£ 0.2
—
o
< 00 : : . : :
500 550 600 650 700 750 800
Wavelength (nm)
5000
B — 50:50 Rh:Ru
=g —90:10 Rh:Ru
..g 4000 - ——98:2Rh:Ru
=
8 3000
=
2 2000 -
[0}
-+
=
= 1000
O T T T
500 550 600 650 700 750 800

Wavelength (nm)

Figure 8. Normalized steady-state emission spectra of Rh and Ru in solution
(A), and emissions for different mixes containing a different relative amount of
background (Rh) and probe (Ru) as measured with single-pulse excitation (B).
(A color version of this figure is available in the online journal.)

of the probe Ru, the spectra with three and eight pulses are
clearly dominated by the probe emission. For the second
concentration of the probe, we can clearly see the presence
of probe emission, and for eight pulses, the total emission
spectrum is very similar to the 50:50 sample measured with
a single pulse. For the lowest contribution of the probe, the
improvement is proportional, and for eight pulses, the over-
all emission spectrum corresponds to the 90:10 mix steady-
state spectrum.

In Figure 10, we present the differential spectra for all six
cases. It is clear that the obtained spectra resemble the probe
emission very well. The differential emission spectra meas-
ured with eight pulses are about 50% higher than the spectra
measured with three pulses bursts.

For comparison, in Figure 11, we present the normalized
differential emission spectra (three pulses — one pulse and
eight pulses — one pulse) overlaid with just the probe (Ru)
steady-state emission. The agreement is very good, but a
small, long wavelength shift of the emission can be observed.
Even though this was initially a little confusing, we must
realize that exciting with eight pulses generates a much
larger population of relaxed molecules that are expected to
contribute to longer emission wavelengths. The expected
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shift for a probe with a shorter fluorescence lifetime would
be significantly greater.

These experiments confirm that a simple spectra subtrac-
tion precisely yields the emission of the long-lived probe
even when the contribution of the probe is negligible as com-
pared to the background signal. Since with three pulses, the
overall signal of the probe increases about 2.7-fold, this sig-
nal is 2.7 times higher than the signal measured with a single
pulse. And for eight pulses, it is almost five times higher.

Image analysis

Next, we tested the limits of the presented technology in sim-
ple imaging using a model system. For imaging, it is con-
venient to spatially separate the short-lived and long-lived
emitters. The analysis of a solution mix with highly overlap-
ping emission spectra would not be sufficiently convincing. To
generate spatially separated signals of background and probe,
we embedded Rh and Ru into polyvinyl alcohol (PVA) films.
In this way, we can have a simple strip of PVA film of Rh with
a fluorescence lifetime <5ns and a strip of film containing Ru
with a long fluorescence lifetime of about 1 us. To protect the
PVA films from the water environment, we laminated them.
Such films can be easily inserted in a water-based environ-
ment for an extended period of time without worrying about
the film dissolving and the probe leaking into the solution.

First, we placed the two polymer films next to each other,
as shown in the photographs reported in Figure 12(A) and
(B). Figure 12(A) is a photograph of the entire setup, show-
ing the laser illumination through fiber optics (excitation),
the blue illuminated spot on the Petri dish, and the camera
objective (detection). The signal from the film containing Rh
is significantly stronger than the signal from the film con-
taining Ru. Such a configuration of films can be imaged by a
time-gated camera. For our experiment, we used a PI-MAX 4
(Princeton Instruments, Inc., Trenton, NJ, USA) camera with
1024 X 1024 pixels resolution. Both strips were illuminated
with a laser excitation (375nm) through the fiber optics, as
shown in Figure 12(A). On the observation line of the camera,
we used a long-pass filter of 550 nm to eliminate the scattered
excitation light. Both emissions of Rh and Ru are transmitted
easily through the filter. The camera is triggered with the
last pulse in the burst. In practice, the triggering time of the
camera can be delayed electronically or just using a different
length of the connecting cable. The image captured with a
single pulse is presented in Figure 12(C). Both strips are vis-
ible, including the bright edges of the lamination film. This is
a typical artifact due to the propagation of the emission light
toward the edge of the film that appears brighter than the
bulk film. In Figure 12(D), we present the image as obtained
with eight pulses. The scale of both images is automatically
adjusted by the camera to the brightest pixel. After eight
pulses, the signal from Ru becomes significantly brighter
and the Ru strip becomes more visible in the second picture.
In Figure 12(E), we present the differential image between
eight pulses and one pulse. We see the Ru PVA strip while
the Rh strip and the background disappear.

In Figure 13(A), we use a large piece of Rh film on which
we positioned two Ru strips. The Rh film serves to simulate
an undesired background signal. In Figures 13(B) and (C),
we present the images obtained with one and eight pulses,
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Rh

Ru

Excitation

8 pulses

D

Figure 12. Imaging setup of the two films of Rh and Ru placed in a Petri dish (A), photograph of the films (B), image captured with a single pulse (C), image obtained
with eight pulses (D), and differential image (E). The scale bar is 5mm. (A color version of this figure is available in the online journal.)

8 pulses

Figure 13. Imaging setup of a large piece of Rh film on which we positioned Ru strips. Photograph of the sample (A), image obtained with one pulse (B), image
obtained with eight pulses (C), and differential image (D). The scale bar is 2mm. (A color version of this figure is available in the online journal.)

respectively. The image captured with one pulse shows a
bright signal from the Rh background. Differently, the image
captured with eight pulses more evidently shows the signal
coming from the Ru strips. The differential image is shown in
Figure 13(D). The background is successfully removed, and
a clear signal from the Ru strips is visible.

A common problem with cellular and tissue imaging is
scattering, which greatly limits the penetration depth and
image resolution. Scattering is a very fast process, and the
presented technology should effectively eliminate scattering
of the excitation light and scattering of background emission.

A typical delay for scattered photons emitted by the Rh film
that diffuse in the media will be negligible compared to the
pulse separation in the burst.

To demonstrate the scattering effect, we used the PVA
strips already shown in Figure 13. The PVA strips of Rh and
Ru are submerged in different depths of intralipid (IL) solu-
tion (50X dilution). IL is commonly used to simulate a scat-
tering environment in biological samples.**” The utilized IL
is a 20% emulsion of phospholipid-stabilized soybean oil. It
was purchased by Sigma-Aldrich (St. Louis, MO, USA) and
diluted 50 times for our experimental use. We want to stress
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Figure 14. Images obtained from samples submerged in different amounts of intralipid solution, 1mL (1 mm) (A), 2mL (2mm) (B), and 3mL (3mm) (C). The inset
shows a real photograph of the sample for each amount of intralipid. A 3D intensity-based plot is also reported. The scale bar is 2mm. (A color version of this figure is
available in the online journal.)

that in our experiment, we used a short wavelength excita- In Figures 14(A) to (C), we present samples submerged
tion of 375nm that is much more prompt to scattering than  in different amounts of IL solution. For each amount of IL,
NIR excitation. The penetration depth for blue excitationis ~ we show a real photograph of the sample and three images,
significantly limited, and working with longer wavelength  respectively, obtained with one pulse, eight pulses and by
would greatly increase the excitation depth. calculating the difference (8 pulses—1 pulse). In Figure 14,
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Figure 15. Sample containing the two strips of laminated Rh and Ru PVA films implanted under the skin of a chicken drumstick (A), image obtained with one pulse
(B), image obtained with eight pulses (C), and differential image (D). The images were obtained using a 375-nm laser as excitation source. The scale bar is 2mm. (A

color version of this figure is available in the online journal.)

we also present a three-dimensional (3D) image intensity
representation. As the IL depth increases, we can observe a
blurring of the image, which significantly limits the resolu-
tion. This is expected since the photons emitted by the probe
are scattered through the IL medium. For about 3mm of IL
solution over the sample, the strips separated by about 2mm
are difficult to be resolved. However, the pumped long-lived
component (probe) is visible.

As a final demonstration, we used chicken skin. The sam-
ple containing the two strips of laminated PVA films was
implanted under the skin of a chicken drumstick, as shown
in the photograph in Figure 15(A).

The chicken drumstick was illuminated with a 375-nm
laser. We want to stress that this excitation wavelength is
suitable for the excitation of Ru but has a very limited pen-
etration depth in the tissue and stimulates a great amount
of intrinsic autofluorescence. A single-pulse image and an
eight pulse burst image are presented in Figures 15(B) and
(C), respectively. Despite the film being covered by a layer
of about 3mm of skin, the differential image (Figure 15(D))
clearly shows the Ru strip. This proves the effectiveness of
the described method in detecting the signal from a sample
deeply embedded into a highly scattering and intrinsic fluo-
rescent tissue.

Conclusions

Early detection of a disease is a key element to a successful
treatment. Fluorescence imaging is an emerging diagnostic
modality that has the potential for sensitive and minimally
invasive detection and localization of various malignant
diseases. Rapid advancements in fluorescent probes devel-
opment, molecular designs, drug formulation, and drug
delivery strategies continuously open additional possibili-
ties for detection, diagnostic, and imaging. The future clini-
cal role of fluorescence imaging will greatly depend on the
development of new detection technologies and the design
of detection instruments that can be easily adapted to practi-
cal situations.*®

In this contribution, we described a novel approach that
utilizes long fluorescence lifetimes and excitation pulse
manipulation (multipulse sequences) to significantly increase
the signal-to-background ratio (SBR) and immensely improve

detection sensitivity. The presented approach can easily be
implemented into practical tissue and microscopy imaging
technologies. When combined with time-gated detection, this
technique can easily achieve two orders increase in detection
sensitivity.” This technology can be used with any long-lived
luminophore, including potential uses of phosphorescence.
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