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Abstract: Delayed luminescence from organisms informs oxidative stress that may be modulable
by external stimulations. In the absence of external stress causing delayed luminescence, organisms
may produce spontaneous ultraweak photon emission due to the residual oxygen demand. To better
understand the oxidative state of an organism, it is desirable to acquire the delayed luminescence
to reach the phase wherein the ultraweak photon emission resides. This, however, is challenging
due to the significant difference in the order of magnitude of the photon counts between the two
types of photon emission. Conventional time-gated measurement requires a high dynamic range
to assess the noise-level photon emission, whereas simple long exposure can miss the kinetics of
luminescence. There may be a compromise to be made between robustly acquiring the decay kinetics
of the delayed luminescence and reliably acquiring the noise-laden spontaneous photon emission. We
demonstrate an irradiation-acquisition interleaved time-integrated imaging approach that may enable
the reliable acquisition of slow-decay delayed luminescence down to the level of ultraweak photon
emission. Repetitive irradiation was interleaved with a gradually increased time of acquisition to
assess the integrated time course of the post-irradiation luminescence. Such instrument configuration
performed on yeast facilitated the use of time differentiation to assess the delayed luminescence
down to the noise-level ultraweak photon emission at the expense of the total time of acquisition.

Keywords: delayed luminescence; kinetics; spontaneous ultraweak photon emission; ultraweak

luminescence; integration mode; yeast

1. Introduction

The photoinduced light emission from organic materials, including plants, after illu-
mination ceases is often characterized by a weak intensity and a long lifetime that could
reach beyond hundreds of seconds [1,2]. Phenomena of this nature are studied in different
fields under different terminologies such as “delayed luminescence”, “long-lived phospho-
rescence”, “persistent luminescence”, etc. [3]. This long-lived emission is associated with
the complexity of the material, which controls the meta-stable storage of excitatory energy
and the release of photons. Although the underlying mechanism has not yet been fully
understood [4], the delayed photon emission from organic materials, including biologically
active materials, is generally attributed to originating from the metabolic reaction with
oxygen [5]. As such, delayed photon emission may be induced by different biotic and
abiotic stresses, such as those by chemicals [6] or some other physical factors [7]. The
signatures of the decay kinetics revealed by the delayed luminescence, whether it is prompt
decay or slow, thus long-tailed decay [8,9], may also have the potential to serve as a non-
invasive means of assessing oxidative health for several applications, including but not
limited to agricultural [10,11] or biomedical endpoints [12]. For organic and polymeric
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materials, it has also been observed that modifying the molecular bonds may prolong the
emission’s lifetime from that of conventional organic phosphorescent materials to that of
ultra-long organic phosphorescence [13,14]. Studying the material’s characteristics may
benefit from a better understanding of the time behavior of the delayed luminescence that
would require the dynamic range of the acquisition of the photons to be adequately large
to cover both the initial strong and prompt emission post-stimulation or stress and the
terminal level of the slower emission that may reach the noise baseline.

Whatever the lifetime governing the photon emission post-stimulation or stress, the
delayed luminescence will eventually reduce to a baseline that may be referred to as
spontaneous ultraweak photon emission [15]. Spontaneous ultraweak photon emission,
which is alternatively called biophoton emission of organic origin [16], provides intriguing
information on the biological health of organisms. However, due to its extremely low
photon yield, careful instrumental design is required to reliably acquire ultraweak photon
emission. The instrumental configuration would need to maximally reject ambient light [17]
and realize long-time acquisition [18] to negotiate the random noise of the photo-electric
detectors, including photomultiplier tubes [15] or two-dimensional imaging arrays [19]
that are inherent to the detector of high sensitivity achieved via thermo-electrical cooling.

To better understand the dynamic and residual oxidative state of an organism, it is
desirable to be able to acquire stress-inducible or externally modulable delayed lumines-
cence down to the level of steady-state ultraweak photon emission. This, however, is
challenging due to the significantly different scales of photon counts in the two phases of
photon emission. The instrumental configuration used for acquiring ultraweak photon
emission usually involves a long exposure time, and thus, it would be challenging to
acquire the kinetics of delayed luminescence that requires a much faster time scale and
gated or time-stamped acquisition. On the other hand, the faster time-gated acquisition of
delayed luminescence may not have enough dynamic range to reliably acquire changes in
the photon emission when reaching the residual level [20] of ultraweak photon emission,
which can be easily buried under the baseline noise of the electronics. These challenges
may add to the inconclusive promises of steady-state ultraweak photon emission being
used for studying the residual oxidative state of an organism [21]. It is also worth noting
that even though the decay of delayed luminescence from an organism will reach a steady
noise baseline, the noise baseline may not be random noise or may not contain random
noise alone. Instead, the noise baseline could rest at the level of spontaneous ultraweak
photon emission, which is challenging to measure using time-gated configurations that are
conventional for acquiring the time trace of delayed luminescence. In practice, an imaging
system for studying the luminescence of an organism may have to compromise between
robustly acquiring the decay kinetics of the delayed luminescence and reliably acquiring
the ultraweak spontaneous photon emission.

In this work, we demonstrate an irradiation-acquisition interleaved time-integrated
imaging approach that may enable the reliable acquisition of slow-decay delayed lumi-
nescence down to the level of steady-state ultraweak photon emission that is noise-laden.
Repetitive irradiation was interleaved with gradually increased times of exposure. Such
instrumental configuration, demonstrated with yeast as the sample, allows for the assess-
ment of the decay kinetics of the delayed luminescence via the time differentiation of the
time-integrated post-irradiation luminescence to reach the level of noise-laden ultraweak
photon emission at the expense of the total time of acquisition.

The principle that is intuitive to the proposed approach is illustrated in Figure 1 in
the context of what contributes to photon emission post-stimulation, forming delayed
luminescence. We denote the pure delayed photon emission (photon flux, or the number
of photons per area per time) as Rpy(t) [em™2:s71]. A time integration of the delayed
luminescence alone then leads to

t
IDL(O<:>t):/O Rpu (t1)dtr (1)
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Figure 1. Conceptual illustration of the components of photon emission in measuring delayed lumi-
nescence. The solid trace refers to a kind of time-varying photon emission, and the dashed line marks
the time integration of a kind of time-varying photon emission. (A) Pure delayed luminescence.
(B) Random noise over a time duration much longer than its time of variation. (C) Delayed lumines-
cence contaminated with random noise. (D) Delayed luminescence adding to the level of the baseline
ultraweak photon emission. (E) Baseline ultraweak photon emission contaminated with random
noise. (F) Delayed luminescence adding to the residual ultraweak photon emission contaminated
with random noise.

We note that Ip; (0 <= t) corresponds to the total number of photons per area that
are accumulated over a duration of [0,#]. Therefore Ip; (0 <= t) has a unit of [cm~2].
However, Ip; (0 <= t) is also a function of time as it is related to the duration [0, f] over
which Rpy (t) is specified at each point of time .

We denote the baseline noise of photon flux acquired by any photo-electronic detector
as Ryise (). The randomness of the electronic noise will be set to zero for the following
time-ensembled value of the baseline noise throughout integration that is significantly
longer than the characteristic temporal scale of its variance:

t+At
/i; Rnoise(t/)dt/ = <Rnoise(tl>> =0 @)

Since delayed luminescence is acquired in the presence of random noise, the acquired
photon emission then becomes:
RnDoise(t) = RDL(t) + Rnoise(t) 3)

and the time integration of the acquired photon emission of Equation (3) becomes:

I55e(0 <= t) = / Rpp (#)dt1+(Rypise (1)) / Rpy(tr)dtr @)

Now, let us assume the presence of an ultraweak photon emission Ryjpg(t) that is
not much different in magnitude than random noise. The ultraweak photon emission



Appl. Sci. 2024, 14, 2392

40f 15

Ruype(t), however, differs from the random noise in that the magnitude of time integration
of Rypg(t) is proportional to the length of the time of integration as is the following:

t+At
/t Rupe (#)dtr =(Rype)-At )

Now, the acquired photon luminescence practically contains three components as
the following:

%OZS/EUPE(t) = Rpr(t) + Rupe(t) + Ruoise(t) (6)

of which the time integration becomes

. t t
InTfupe(0 = t) :/o Rpr(t)dt +/0 Rupe (t')dt' + (Ryoise (1)) )

t
= /o Rpp(tr)dtr + (Rupk)-t
Then, if the following measurement is available:
I{3¥ (0 <= t) = (Rup)t, (8)

one may obtain the ultraweak photon emission via time differentiation of Equation (8):

Rupe(f) = %[15{;;‘55(0 — 1) ©)

and similarly, the pure-traced delayed luminescence can be obtained by time differentiation
of the difference between Equations (7) and (8):

Row(t) = S [155% e (0 <= 1) — [ (0 <= 1) (10)

Therefore, by taking advantage of the time-integrated photon emission, which can be
a combination of random noise, baseline ultraweak photon emission, and delayed lumi-
nescence, it may be possible to resolve the time integration of delayed luminescence alone.
From the time integration of delayed luminescence alone, the delayed luminescence can
be resolved via simple time differentiation. The resulting exclusive delayed luminescence
may be assessable at the level of the noise-laden ultraweak photon emission.

If we denote that delayed luminescence consists of various phases of decay [3] as the
following, then

Rpr(t) = ZAnexp<—;> (11)

where T;; denotes the time constant of the n-th phase of the delay if assuming simultaneous
initiation by the same irradiation and taking an ascending order according to the magnitude
of the time constant, i.e., the slower the decay, the greater the number of n. The integration of
Equation (11) leads to the following pattern with multiple shoulders or phases of saturation
that will occur for substantially different time constants:

IpL(t) =) Anty {1 - exp(—rtnﬂ (12)

The time integration of UPE-only will be a linear function of time, whereas the time
integration of the delayed luminescence only will reveal patterns of saturation, and the
patterns of saturation are likely tapered by the linear increment of the time integration of
the spontaneous ultraweak photon emission. Any afterglow of the irradiation introduced
to excite delayed luminescence may also leave traces in the time-integrated luminescence.
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2. Materials and Methods
2.1. The Instrument Configuration for Time-Integrated Imaging of Delayed Luminescence under
Fiber-Delivered Illumination

The system used for time-integrated acquisition of delayed luminescence of yeast
sample is illustrated in Figure 2. The imaging system was configured based on a customized
light-tight chamber facilitating bottom-loading of the sample, imaging by a CCD camera,
and fiber-delivering of photo-irradiation into the light-tight chamber. The light-tight
chamber contained an upper segment that held a CCD camera (Pixis-512F, Princeton
Instruments, 512 x 512 pixels, 16-bit data resolution, operating temperature —70 °C) and a
4 x microscope objective lens. The middle segment of the light-tight chamber contained an
annular structure co-centric to the inner volume of the chamber to let through a 320 um
fiber [22] while unblocking the view of the camera in imaging the bottom-loaded sample.
The annular structure to position the fiber was fixated to the inner wall of the chamber using
an O-ring. The lower segment of the light-tight chamber held the sample platform that could
be bottom-loaded. The three segments of the imaging chambers were connected by black
rubber tube adaptors that also worked as light-tight seals. The 320 pm fiber for illumination
was passed through the upper edge of the rubber seal, which was compressed against the
lens module to ensure light tightness. The 320 um fiber was coupled to a laser-driven light
source (LDLS, Energetiq (Wilmington, MA, USA) EQ-99X-FC, 190 nm—2500 nm, coupled
to a 230 um fiber) [23] via a fiber switch (Piezosystemjena (Jena, Germany), 9 x 1, fitted
with 200 pm fiber). Since the LDLS of continuous operation lacked a shutter control, the
illumination of the sample was controlled by turning ON and OFF the fiber switch. The
fiber switch was controlled by a desktop computer (Dell OptiPlex GX520, Windows NT) via
a vendor-provided interface. Another desktop computer (Dell Dimension 5150, Windows
NT) controlled the CCD imager via a vendor-provided WINSPEC user interface. This
control configuration was chosen as it was manageable for the task given the limitation
of the hardware settings. And this configuration was the main determinator of the post-
operation time as is described in a subsequent section.

Fiber
positioner

iil]

wm"iuug‘
[

Light source Sample chamber

Figure 2. The system for acquisition of delayed luminescence from a bottom-loaded sample. A
laser-driven light source is fiber-guided to a dark chamber for irradiation of the sample. The upper
chamber contains an upper segment holding the imaging optics and a CCD camera. The middle
chamber contains a structure letting through the 320 um fiber. The lower segment of the chamber
holds the sample. The right panel is an exterior view of the light-tight chamber.

2.2. Sample Holder and the Method of Sample Placement

A master sample holder, as illustrated in Figure 3, was fabricated for the bottom-
loading of the sample into the light-tight chamber depicted in Figure 2. The master
sample holder had a central receptacle to place a cylindrically shaped bulk sample or
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another sample platform of a neat-fit cylindrical size for a finer arrangement of the samples.
The samples that could be placed in the master holder included reflectance standards
(Spectrolum) with reflectivity ranging from 2% to 99%, a custom-fabricated scattering solid-
phantom [23], which had a scattering coefficient of 1 mm~! and an absorption coefficient
ranging between [0.005, 0.021] mm~!, and retail yeasts [Fleischmann’s Bread-Machine
instant yeast, Walmart Inc., Bentonville, AR, USA]. One sample platform had 16 slightly
receded circular pockets on the surface for placing yeast of a specific grain count, up
to 16 grains. A few ways that some samples were placed in the sample chamber are
exemplified in Figure 3. The imaged area was approximately 2.5 cm in diameter.

yeast yeast

(B) (€

Figure 3. Top row: the schematic of the master sample holder and the ways of placing samples in the
sample holder. Bottom row: The actual samples in the sample holder that can be bottom-loaded to
the sample chamber shown in Figure 2. (A) Yeast clusters containing 1-16 grains placed in small cells
at a sample platform. (B). Dense clusters of yeast placed on top of a sample platform. (C) A solid
scattering phantom was placed amid the dense clusters of yeasts to produce a laterally heterogeneous
sample. The arrows mark the corresponding positions or sample-types between a place in the
schematic of the top panel and a spot in the photograph of the bottom panel.

2.3. Time Sequence of the Irradiation-Acquisition Interleaved Imaging

The time sequence of interleaving the irradiation and data acquisition for imaging
the delayed luminescence is illustrated in Figure 4. Each cycle contained 4 phases of time:
(1) irradiation, (2) dark time, (3) acquisition, and (4) post-operation. The four phases were
set for the following functional needs of the proposed approach, which were also dictated
by the instrument’s configurability.

Tirra Tirra Tirra

} } }

Tacq Tacq

Tacq

TPOSt‘OP Tpost—op . Tpost—op Tpost—op

! . !

Figure 4. The sequence of interleaving the irradiation and acquisition for repeating the delayed
luminescence to be acquired over incrementally increased time of duration of acquisition. The
irradiation time was fixed at 1 s. The dark time was fixed at 20 ms. The acquisition time ranged from
1 ps to 1000 s with 10 equal increments over each decade. The post-operation took approximately
10 s. The total sequence in a non-stop mode takes ~2.0 h to complete.
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(1) The time of irradiation was the duration of switching on the fiber light delivery via
the fiber switch. The fiber-delivered irradiation was switched on for 1 s. The duration
of 1 s was determined after experimenting with the time of irradiation of yeasts from
as short as 1 ms to as long as 100 s. The 1 s duration provided a good balance between
adequate signal-to-noise ratio and non-saturated irradiation, as will be shown in one
section of the results.

(2) The dark time was the time lapse between switching off the fiber light delivery
and starting the data acquisition of the CCD camera. A dark time of 20 ms was
experimented to be the minimal duration needed to overcome the response lag of the
fiber switch to ensure that there was no residual fiber-delivered light to overwhelm
the camera once the acquisition of delayed luminescence started. With this dark
time, however, there is still a long-lived background afterglow of the fiber-chamber
environment to negotiate, as will be revealed in the results.

(3) The time of acquisition was the exposure time of the CCD imager after dark time.
The following numbers were chosen as the acquisition times: 1 to 9 us at a step of
1 pus, 10 to 90 ps at a step of 10 ps, 100 to 900 ps at a step of 100 us,1 to 9 ms at a step
of 1 ms, 10 to 90 ms at a step of 10 ms, 100 to 900 ms at a step of 100 ms, 1 to 9 s at
a step of 1's, 10 to 90 s at a step of 10 s, 100 to 900 s at a step of 100 s, and 1000 s.
Please note that 1 us was the minimal time of exposure that was configurable for the
imager. Additionally, even though the computer user interface of the imager would
allow gating operation, the saving function did not allow an autonomous depository
of the consecutive imagery that could be acquired by separate but continuous gating
of the time sequence of delayed luminescence. In other words, the configurability of
the CCD imager interface limited the imaging approach that could be used to obtain
the time trace of the delayed luminescence or the time trace of the integration of the
delayed luminescence.

(4) The post-operation time was the time needed to manually operate data saving and re-
engaging the fiber switch for the next sequence of a longer time of acquisition than the
one completed after the same period of 1 s of irradiation. The manual post-operation
was practiced for consistency, taking approximately 10 s. With this 10-s delay between
the consecutive measurements, a single sequence of the acquisitions, as specified by
Step 3, would take approximately 2.0 h when operated non-stop by one person.

3. Results and Discussions
3.1. Basic Benchmarking of the Imaging System

The basic performance of the imaging system in terms of linearly responding to
the level of luminescence of a sample at the same duration of acquisition was assessed
using reflectance standards of various reflectivity that were exposed to the same level of
illumination. The purpose was to examine whether the level of luminescence acquired was
precisely proportional to the level of luminescence of the sample chamber since this was
the basis for assessing subtle variations of the luminescence over time. An example of the
linearity testing result is shown in Figure 5, where the inset at the lower-right corner of
Figure 5B illustrates the spatial resolution of the imaging setup. As can be seen from the
inset, the imaging plane was focused on the sample surface, which remained consistent with
the use of different samples. Keeping the level of the sample surface ensured the consistency
of comparing the luminescence from one or multiple configurations of the samples.

The image of Figure 5A was taken from a reflectance standard of 99% reflectivity. The
images taken from reflectance standards with the reflectivity ranging from 2% to 80% had a
similar pattern of the vertical strip that appeared to be narrower in the shorter length and
weaker in intensity than that of 99%. At the top of the vertical strip, there was a relatively
faint zone, marked by a white circle in the figure, which corresponded to the projection of
the tip of the light-delivery fiber. The vertical strip of which the top edge was tapered was
caused by multiple reflections of the light between the flat, diffusively reflective surface
of the reflectance standard and the surface of the imaging optics facing the sample. This
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set of acquisitions was made by tuning ON the irradiation while putting the acquisition
time of the CCD imager at 1 us, the shortest exposure time possible. The light intensity was
externally attenuated to ensure that at the 1 us exposure time, the CCD reading was not
saturated by the diffusely reflected light from the reflectance standards of 99% reflectivity.
We note that the geometric configuration of the light-delivery fiber with respect to the
imaging optics dictated the appearance of the strip in this testing due to the reverberating
diffuse reflections from the opposing planar surfaces. However, in the case of imaging, the
delayed luminescence from a sample like yeast, no strip-like artifacts were observed.

x10* 4
3 %10
Reflectance 3
standard: 25
100 : L
99% 25
25 Ll
) 2
200 <
15215
300 @
[0
1 E 1F
400
05 05
500 6 0 ‘ ‘
100 200 300 400 500 0 20 40 60 80 100
Reflectivity (%)
(A) (B)

Figure 5. The response of the imaging system to the luminescence of the sample was measured
from reflectance standards differing in reflectivity, under the same illuminance, and acquired at the
minimal exposure time (1 us) possible of the CCD imager. (A) shows the image acquired from a
reflectance standard of 99% reflectivity. The vertical strip was an artifact that resulted from iterative
specular reflection of the diffused light between the surface of the reflectance standard and the
imaging optics. The intensity was assessed over two localized regions of approximately 21 pixels
each way (horizontally and vertically). One spot was local to the brightest section of the vertical
strip, and another spot was beyond the upper tip of the vertical strip, corresponding to the projected
position of the illuminating fiber. (B). The intensity assessed at the zone marked by the dashed circle
in (A), as a function of the reflectivity of the reflectance standards, is plotted. The inset in (B) shows
the focus on the sample surface. The right-pointing arrow in (A) indicates the central spot around
which the data corresponding to the plot of (B) were processed.

Replacing the reflectance standards differing in reflectivity in the sample holder was
conducted according to the following sequences: (1) bottom-unloading the sample holder,
(2) replacing the reflectance standard which would fit into a precise pocket, and (3) bottom-
loading the sample holder to the light-tight chamber, then tightening the external harness of
the light-tight chamber. The receding structures fabricated into the bottom-loading sample
chamber made it possible to make the surface level /orientation of the sample and light-tight
conditions consistent throughout the replacement of the eight reflectance standards.

From the images taken with the reflectance standards, the intensity over the same
fixed region (20 pixel-lengths along the line orthogonal to the strip, or that the pixels
counted would be within the dashed circle at the lower aspect of the strip as shown in
Figure 5A) were averaged. The averaged intensity is presented in Figure 5B as a function of
the reflectivity of the reflectance standards. Excellent linearity was observed. This linearity
indicates that the differentiation of any light intensity acquired by the imager over the
same duration of acquisition shall reflect the difference in the luminescence of the sample
falling within the collection aperture of the imaging device under otherwise identical
conditions. This would ensure that the inter-sample differences in the luminescence are
mapped correctly when associated with the same level of irradiation triggering the delayed
luminescence. We note that the experimental protocol of interleaved irradiation acquisition
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involved changing the time of acquisition over a range of 9 orders of magnitude, from 1 us
to 1000 s. The linearity of the acquisition to the length of the duration of acquisition ranging
over the 9 orders of magnitude, however, was not assessable due to the lack of a calibrated
stable light source that would fit for this task of benchmarking.

3.2. Selection of the Time of Irradiation

The delayed luminescence of the yeast samples when responding to various durations
of irradiation and acquired at the same length of the camera exposure is presented in
Figure 6. This set of measurements was necessary to determine the length of irradiation,
or the relative dose of irradiation that would give an adequate signal-to-noise ratio but
not saturate the sample to complicate the time trace of the delayed luminescence. We
note that the post-operating time of 10 s between two consecutive irradiation-acquisition
cycles unavoidably complicated the time trace of delayed luminescence. The duration
of the irradiation, which was controllable with the fiber-switching of the coupling of
the delivery fiber to the LSLS light source, was set at the following numbers: 10 ms to
90 ms at an interval of 10 ms, 100 ms to 900 ms at an interval of 100 ms, 1 s to 9 s at an
interval of 1 s, and 10 s to 100 s at an interval of 10 s. The time of integration was fixed
at 100 s. Therefore, the intensity acquired represented the dose response of the samples.
The sample under the irradiation had a solid scattering phantom surrounded by yeasts, and
the two types of samples were set at the same surface level. The trace of the red circles in
Figure 6A represents the delayed luminescence averaged over the region-of-interest (ROI)
corresponding to yeast (the white circle in Figure 6B), whereas the trace of black diamonds
in Figure 6A represents the delayed luminescence averaged over the ROI corresponding
to the solid scattering phantom (the black circle in Figure 6B). Based on the red trace
that corresponds to the luminescence of yeasts when responding to different lengths of
irradiation, it was determined that 1 s of the duration of irradiation produced an adequate
yield of delayed luminescence without saturating the yeast. Therefore, 1 s was used as the
fixed time of irradiation in the subsequent assessment of the delayed luminescence that was
acquired at different lengths of the exposure time of the CCD to deduce the time-integrated
trace of the luminescence.

Time of irradiation [1 s] used for

2500 the subsequent measurements
1
~2000 ! oodim o
> 55&
<€ 1
< & o
él 1500 i o E o
: Y
sé 1000 d$5§ : 000
19 o
£ 8 Socm oowsh
i
I
0 : : S
102 10°" 10° 10" Ilrgc(t;:-gratlc:]r’:j time:
Duration of irradiation (seconds) daceiliet
(A) (B)

Figure 6. Delayed luminescence acquired from yeast over 100 s of exposure time after switching off
the irradiation of various durations. The trace of red circles represents the delayed luminescence av-
eraged over the region-of-interest (ROI) corresponding to yeast, whereas the trace of black diamonds
represents the delayed luminescence averaged over the ROI corresponding to the solid scattering
phantom. The small red elliptical spot at approximately 1 o’clock position represents the residual
luminescence (afterglow) of the illumination-delivery fiber.
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3.3. Time-Integrated Acquisitions at Four Conditions of the Irradiation-Sample Complex

The results shown in Figures 5 and 6 also reveal that any material surface within
the FOV of the sample chamber that received the fiber-delivered irradiation and caused
multiple or reverberating reflections contributed to the luminescence measured. To acquire
delayed luminescence originating specifically from the yeasts, it would be necessary to as-
sess the luminescence of the sample chamber under conditions that would sub-compose the
condition of the yeasts post-irradiation. For that purpose, the same irradiation-acquisition
interleaved process of acquiring the luminescence from the sample chamber was performed
at four conditions of the sample chamber in combination with the prior irradiation. These
four conditions and the corresponding level of luminescence acquired as a function of the
duration of the integration are given in Figure 7. Figure 7 displayed the same results in
a logarithmic scale of the exposure time in (A) and in a linear scale of the exposure time
in (B) to better visualize the short-time differences and the long-time patterns, respectively.
The four conditions, as stated below, correspond to the four sets in either Figure 7A or 7B
that are counted from the bottom-most trace in ascending order.

1600
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=]
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Baseline of the empty chamber

-
(o] o
o o
o o

Intensity (A.

6006

Linear scale of the time

400
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Duration of integration (seconds) Irradiation Duration of integration (seconds)
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Figure 7. Delayed luminescence acquired at four different conditions of the yeast sample and
irradiation. (A,B) are the same set of data presented in the logarithmic scale of the abscissa to reveal
the patterns happening at times less than 1 s and times greater than 100 s. There are four traces of
measurements corresponding to four sets of sample/irradiation combinations. The middle panel
illustrates the differences among the four sets using the four annual shapes. The white inner area of
the annular shape represents an empty sample chamber. The dense grid-like inner area of the annular
shape represents yeast as the sample. The red dot at the 12 o’clock position of the annular shape
represents irradiation via the fiber prior to the acquisition of the luminescence from the chamber. The
data presented were the average over three sequences performed independently.

The bottom-most trace corresponds to a baseline irradiation-acquisition interleaved
acquisition with an empty chamber and at no actual irradiation. The second trace from the
bottom-most one corresponds to a mock irradiation-acquisition interleaved acquisition from
yeasts in the chamber but with no irradiation. The difference between this second trace and
the bottom-most one was attributed to the spontaneous photon emission of the yeasts. The
third trace from the bottom or the second trace from the top corresponds to the irradiation-
acquisition interleaved acquisition from an empty chamber under a normal sequence of
irradiation. The difference between this third trace and the bottom-most one was attributed
to the afterglow of the illumination-delivery fiber. The fourth trace from the bottom of
the topmost trace corresponds to the irradiation-acquisition interleaved acquisition from
yeasts in the chamber under a normal sequence of irradiation. The difference between this
topmost trace and the bottom-most one was attributable to the combination of delayed
photon emission of the yeast, afterglow of the illumination-delivery fiber, and spontaneous
photon emission.
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3.4. Time Differentiation of the Time-Integrated Luminescence at Three Conditions of the
Sample-Irradiation Setting

The time-integrated luminescence of the three non-baseline conditions shown in
Figure 7 are plotted in Figure 8A after subtracting the baseline trace, or the bottom-most
trace of Figure 7. The bottom trace marked by the blue squares of the smallest size represents
the integration of the spontaneous irradiance from the yeast. As the time of integration
increases, this trace, starting noticeably at ~10 s (the smaller values were cut off at the
scale), increases steadily at a near-constant slope. The medium trace marked by the green
diamonds of the medium size represents the integration of the afterglow irradiance of
the illumination-delivery fiber. As the time of integration increases, this trace starts to
ascend noticeably at 0.1 s and gradually merges with the bottom trace. The merging of the
ascending medium trace with the ascending bottom trace below indicates that the slope
of the medium trace was smaller than that of the bottom trace. The top trace marked by
the red circles of the largest size represents the integration of the delayed luminescence of
the yeast in the presence of the afterglow of the illumination-delivery fiber. This top trace
ascends earlier than the medium trace and remains above the medium trace over the entire
range of time.
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Figure 8. (A) The difference between each of the three non-baseline traces of Figure 7 and the baseline
trace. (B) The time differentiation of the three traces shown in (A) with the addition of model fit.

The time differentiation of the time-integrated illuminance of a trace shown in Figure 8A
would then correspond to the delayed luminescence at the time of the end of the duration
of the integration. The time differentiation results of the three traces of Figure 8A are
presented in Figure 8B, with the addition of model-fitting of the respective traces over the
time range of 10 us to 100 s. The three traces were found to be fitted to the following model:

R(t) = A-t_b~exp<—_f_> +0Q (13)

The three traces at the descending order, when counted from the top, were fitted by
the following models in the form of Equation (13) that gave a goodness-of-fit of 0.92, 0.93,
and 0.95, respectively:

_ 075 ¢
Rpr(t) = 2748t exp< 10789 +0.48 (14)
t
_ 4090 _
Rac(t) = 6.32:t exp( 977.9()) +048 (15)
_ 098 _
RUPE(t) =514t exp( 71532 + 0.50 (16)

We note that none of the three traces received a good fit using the combination of
simple exponential functions indicated by Equation (11). The model form of Equation (13)



Appl. Sci. 2024, 14, 2392

12 0f 15

with which the traces received reasonably good fits contains a hyperbolic function that is
multiplied by an exponentially decaying function. Since the hyperbolic function can be
expanded to a series of exponentially decaying functions, the model form of Equation (13)
is effectively the summation of a series of exponentially decaying functions differing in
the rate of temporal decay. This decomposition of a hyperbolic decay trace of a delayed
luminescence to multiple phases of exponential decay has been theorized in [3]. One can
thus expect that the pattern of the later phase of the luminescence, as depicted in Figure 8B,
will be enveloped by an exponential decay with the common or the slowest time constant
of the model form of Equation (13). That common time constant may be referred to as a
terminal-phase time constant.

The following observations may be made regarding Figure 8B. The bottom-most trace
in Figure 8B rests at an apparent residual level of 0.50 (A.U.) after an initial decay of a
terminal-phase time constant of 15.32 s. This trace would correspond to the spontaneous
photon emission of the yeast when reaching a steady residual value. Comparatively, the
medium trace grossly resembles the bottom trace; however, the medium trace reveals
a much slower decay with a terminal-phase time constant of 977.90 s and a terminal or
residual level not greater than the residual level of the bottom trace. This would correspond
to the afterglow of the fiber and the background glow of the chamber excited by the prior
fiber-delivered irradiation containing an ultraviolet band. The topmost trace in Figure 8B
reveals a decay of a terminal-phase time constant of 407.89 s that descends to the level of
the residual value of the bottom-most trace. This topmost trace would correspond to the
delayed luminescence of the yeast. To the delayed luminescence of the yeast, the much
slower and significantly weaker afterglow would be insignificant in terms of causing any
noticeable changes in the temporal course of the delayed luminescence. However, the de-
layed luminescence would decay to a terminal phase in which the level of the luminescence
is even with the residual spontaneous emission of the yeast since no luminescence below
the residual level of the spontaneous photon emission would be detectable.

We also note that the terminal phase of the delayed luminescence from one excitation
of the single sequence of irradiation acquisition was likely not fully exhausted in the 10
s delay before the next sequence was started. However, under the repetitive settings
that differed in only one parameter, which was the time of integration or the duration
of acquisition, the difference in the luminescence must represent the effect of that one
parameter differing among the repetitive settings. We further note that the method has
been demonstrated in measuring the delayed luminescence from a sample like the yeast
that was initially significantly stronger than the spontaneous emission to the level of the
residual steady-state spontaneous emission. For weaker delayed luminescence such as
that would have been associated with a triplet-to-triplet state, this approach may still be
applicable; however, the applicability may be compromised by the need to significantly
extend the time of integration to accumulate enough photon counts over the noisy baseline.
In the case of the sample being made biologically more active than the sample of dry
yeast in this work, such as yeast placed in water or with nutrients, one would expect
much stronger activities in both the spontaneous residual steady-state photon emission
and the delayed luminescence responding to any stress including light. For such sample
cases, following the same sequence of interleaved irradiation acquisition will result in a
much stronger level of luminescence. With an overall higher level of the time-integrated
luminescence to deduce the time differentiation, it may be feasible to resolve finer details
of the decay phases of the more active state of the sample in comparison to the dormant
state of the sample. Alternatively, the overall stronger luminescence can be probed with a
much shorter total time of integration, providing that the terminal-phase time constant is
still resolvable by the reduction of the total time of integration.

3.5. Spatially Resolved Delayed Luminescence of Individual Grains of The Yeast

An example of the spatially resolved delayed photon emission of the yeast grains in
response to photo-irradiation is presented in Figure 9. Grains of the yeast were placed
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in 16 small cells 1/8” in diameter that were carved onto a sample platform. Figure 9A
shows the layout of the cells, and Figure 9B shows a photograph of the samples placed
in the receded cells. The sample platform was held in the custom light-tight chamber for
more than 2 h before the illumination. The sample was imaged with the timing sequences
shown in Figure 4, up to a total integration time of 1000 s. Figure 9C gave a raw image
after the time of integration, wherein the brighter region spreading between the 10 o’clock
and the 1 o’clock positions was the residual luminescence of the tip of the fiber after the
irradiation to the sample was switched off. That position/extent of the residual luminance
of the fiber corresponds to the position of the fiber being reflected by the reflectance
standard, as was marked in Figure 5 by the white circle. A baseline image of the integrated
background luminescence of the dark chamber was acquired at the same setting, except
that no yeast samples were placed in the receded cells. Simple subtraction of the baseline
image of the time-integrated acquisition of the empty chamber post-irradiation from the
time-integrated acquisition of the yeast-surfaced chamber post-irradiation, as shown in
Figure 9C, resulted in Figure 9D, which revealed the delayed luminescence of the individual
grains of the yeast. However, the grains of the yeast placed in the cells at the lower
1/3 segment of the FOV were not as clear as those at the middle segment. That was due to
the nonuniform irradiation of the light delivered by the fiber to the sample surface that was
placed approximately 1" away from the fiber tip. Additionally, the azimuthal symmetry
of the light projected from the fiber was distorted due to the fiber being side-attached
to the wall of the sample chamber, which caused wall reflection of the fiber-delivered
irradiation. The overall effect was a nonuniform irradiation of or dose to the sample surface,
which would cause nonuniform delayed luminescence from the sample of the same photic
activity when assessed over the same duration of time after the photic stimulation. Spatially
resolved accurate measurement of the true activities of delayed luminescence would require
compensating the dose dependency imposed by the nonuniformity of the irradiation.

Diameter: 1/8”
Depth: 0.02g

A

Figure 9. Imaging of the delayed luminescence of individual grains of yeast. (A) The number of
grains placed in each of the receded cells. (B) Photograph of the yeast grains placed in the receded
cells. (C) Raw image of the delayed luminescence showing the stronger residual luminescence of the
tip of the illuminating fiber that overwhelmed the weak delayed luminescence from the yeast grains.
(D) Individual grains in the region-of-interest of (C) that was overwhelmed by the strong residual
luminescence of the fiber tip were made to appear after subtracting the baseline luminescence (not
shown) that differed from the setting of (C) in only the presence of the grains of yeast.

4. Conclusions

In conclusion, we have demonstrated an irradiation-acquisition interleaved time-
integrated imaging to resolve the slow-decay kinetics of delayed luminescence to the level
of noise-laden residual spontaneous ultraweak photon emission. To better utilize delayed
luminescence for studying the underlying mechanism that may be associated with the
dynamic and residual oxidative states of organisms, it will be desirable to acquire the
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stress-induced delayed luminescence down to the signal level, which may be difficult
to differentiate from the noise floor, and to which the steady-state spontaneous photon
emission may also be comparable. This, however, is challenging due to the significantly
different scales of photon counts in the two types of photon emission. The irradiation-
acquisition interleaved time-integrated imaging demonstrated in this work acquired the
slow-decay kinetics by first taking integrated acquisition of the kinetics over different
lengths of exposure times, then taking the time-derivative of the integrated acquisition.
Because integration averages out the random noise and linearly accumulates a weak but
steady signal, comparing the difference of the time-integrated luminescence between
without and with the irradiation allowed the canceling out of the contribution of both noise
and the spontaneous residual photon emission in arriving at a purer trace of the delayed
luminescence that could reach to the level of the noise floor. Future works, however, will
be necessary to examine if the expense of the total time of acquisition enabling the time of
interleaving between acquisition and irradiation may outweigh the benefit of acquiring
the delayed luminescence to the phase of spontaneous photon emission that may only be
statistically different from the random noise.
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