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In this work, the spectral properties of the photo-induced delayed luminescence (DL) from mesenchymal stem cells
(MSCs) and their correlation with cell viability were investigated using the single photon counting combined with
band-pass filters. The results show that the DL of MSCs has a broad spectral distribution, which covers from 300 nm
to 650 nm at least. The DL spectrum is not evenly distributed, but mainly distributed in the range from 400 nm to
550 nm. In addition, the DL spectral distribution remains stable during the DL decay process. Compared with the DL
spectra of MSCs with high viability (>80%), those of MSCs with low viability (<30%) show a significant red-shift,
referring to the increase in the proportion of 572—650 nm band and the decrease in the proportions of both
315—436 nm band and 413—500 nm band. Furthermore, the degree of the DL spectral red-shift exhibits a monoto-
nous change as MSCs’ viability decreases, and thus can be used as an important indicator for the cell viability assess-

ment.
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Mesenchymal stem cells (MSCs) are a type of pluripo-
tent stem cells derived from mesoderm and ectoderm!'.
MSCs have a strong proliferative capacity!”, immu-
noregulatory function™™, and the ability to differentiate
into osteoblasts, chondrocytes, adipocytes, muscle cells,
etcl”. These advantages make MSCs have great clinical
application potential and industrial development pros-
pects in the treatment of autoimmune diseases and re-
generative medicine.

Obviously, cell viability is a key factor affecting the in
vitro culture and clinical application of MSCs. Nowa-
days, cell viability is mainly detected by biochemical
methods such as MTTP, XTT!® and trypan blue!”.
However, most of these methods such as labeling and
staining are invasive, which will change the cell's living
environment and even cause irreversible cell damage or
death, and thus make the tested cells cannot be further

cultured or applied. Therefore, it is necessary to develop
label-free and non-invasive cell viability detection.

Over the past few decades, the photo-induced delayed
luminescence (DL), a natural phenomenon that is ubiq-
uitous in living organisms, has attracted widespread at-
tention and is expected to obtain information on the
functions and physiological status of biological systems.
Since the first discovery of DL from plants in the
1950s®], a number of experiments have shown that the
DL properties are closely related to the bio-systems’
characteristics such as biological activity!, injury!'”,
physiological and pathological changes!'"); etc., as well
as the surrounding environment!'?. Therefore, DL has
the potential to reflect the biological effects caused by
internal changes in organisms and external environ-
mental factors, and to provide comprehensive indicators
that reflect the intrinsic characteristics of bio-systems.
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Due to the sensitive bio-sensing performance, DL is
increasingly applied in many fields, such as seed quality
assessment'"*!, detection of environmental pollution'*!
and identification of Chinese herbal medicines!'”. In
recent years, encouraging progress has also been made in
the study of DL from cultured mammalian cells. For
example, F. Musumeci et al found that human fibroblasts
and human melanoma cells have significant differences
in DL spectral distribution, and demonstrated that DL
has the potential to be a powerful non-invasive tool for
skin cancer detection!'®). 1. Baran et al studied the effects
of the treatments with quercetin, menadione, H,O, and
their combinations on the DL from Human Leukemia
Jurkat T-cells, and proposed that the Complex I of the
mitochondrial respiratory chain may be an important
source of DL from Jurkat T-cells!'”. A. Scordino et al
found a correlation between DL from thyroid tumor cells
and their induced apoptosis by berberine, and suggested
that the decrease of the DL blue component may be a
hallmark of the induced apoptosis!'®. Rosaria Grasso et
al found that ferulic acid and nano lipid carrier had syn-
ergistic pro-apoptotic effect on glioblastoma cells, and
the mechanism was reasonably explained based on DL
spectral'®’. In our previous studies, we found the signifi-
cant differences in the DL decay kinetics between MSCs
with high and low viabilities'”. These findings strongly
prove that DL has a great potential to reflect changes in
cell physiology and pathology sensitively.

In this paper, we focus on the spectral properties of
DL from MSCs and their correlation with cell viability.
This work may be helpful to develop a new label-free
and non-invasive cell viability detection method, and
also provide new evidences for exploring the mecha-
nisms of DL from cells.

We isolated MSCs from human Umbilical Cord (hUC)
tissues by the method previously described™. Briefly,
the hUC was minced and digested. Cells were plated at a
density of 10 000 cells/cm® to 16 000 cells/cm” in a T75
cell culture flask (Corning, USA) in D-MEM/F-12
(Gibco, USA) culture medium supplemented with 10%
fetal bovine serum (FBS) (Hyclone, USA) and 10 ng/mL
epidermal growth factor (Sigma, USA) at 37 °C under
5% CO,. After the cells covered 90% of the bottom of
the cell culture flask, the cells were digested with trypsin
(Gibco, USA) to remove the residual culture solution,
and PBS was added to prepare cell suspension for ex-
periments.

The cell viability was assessed using the trypan blue
method. The cells were suspended in PBS with a cell
concentration of 1x10°/mL. 20 pL cell suspension was
then mixed with 20 pL 0.4% trypan blue solution (Sigma,
USA). The mixture was dropped into a blood count plate
and observed by a microscope (Olympus, Japan). The
numbers of viable and dead cells were counted respec-
tively, and the cell viability is defined as the ratio of the
number of viable cells to the total number of all cells.

The experiments were carried out on the biophoton

Optoelectron. Lett. Vol.17 No.6

detection system established by ourselves, as shown in
Fig.1. A xenon lamp (Zolix, China) was adopted as the
excitation source, and the power of the excitation light
irradiating the sample was 6.2 mW. Two silica fibers
were used to transmit excitation light and signal light,
respectively. DL signal from the sample was detected by
a photon counting head device (H7360-01, HA-
MAMATSU, Japan), containing a 25-mm head-on PMT,
high-voltage power supply circuit and photon counting
circuit. The dark count of the detector is 18 /s, and the
spectral response of the detector is from 300 nm to
650 nm. The electrical pulses output by the detector were
counted by a gated photon counter (PMS-400A, Becker
& Hickl, Germany) with two fast gated photon-counting
and multiscaler channels. Two shutters were used to en-
sure that DL was detected after shutting off irradiation. A
timing controller was used to output electrical signals,
which control the two shutters and the photon counter to
operate in coordination.
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ranges are 315—436 nm, 413—500 nm, 461—542 nm,
and 572 nm long pass respectively, as shown in Fig.1. In
particular, since the spectral response of the PMT is
300—650 nm, the use of the 572 nm long-pass filter re-
sults in a transmission wavelength range of 572-
—650 nm. The main features including the bandwidth,
average transmittance and average count sensitivity of
the four bands are listed in Tab.1.

Tab.1 Main features of the bands

. Average Average count
Band Bandwidth . .
transmittance sensitivity
315—436 nm 121 nm 81.7% 2.1x10° /s/pW
413—500 nm 87 nm 79.5% 2.2x10° /s/pW
461—542 nm 81 nm 92.9% 1.7x10° /s/pW
572—650 nm 78 nm 97.5% 0.36x10° /s/pW

For DL measurement, MSCs were suspended in PBS
at a concentration of 2x10” /mL, and the 0.2 mL cell
suspension was dropped into the sample pool. In each
DL acquisition, the irradiation duration was 1 s, and the
DL started to be recorded 40 ms after stopping irradia-
tion. The DL was recorded for 2 s with the unit signal
collection duration of 10 ms. Due to the ultra-weak in-
tensity of DL, 50 repeated acquisitions were accumulated
for a measurement. The phototoxicity of MSCs was
tested by the Trypan Blue method, and the viability of
the measured cells was not significantly different from
that of the control.

A typical spectral distribution of DL from MSCs with
high viability is shown in Fig.2. It can be seen from
Fig.2(a) that the intensities of the different bands show
great differences. Among them, the 413—500 nm band
has the highest intensity, Next is the 461—542 nm band,
whose intensity is about 70% of the former. In contrast,
the bands corresponding to 315-436nm and
572—650 nm have a much smaller contribution to the
DL. In order to display the DL spectral distribution visu-
ally, we normalize the single spectral intensities to the
value of their sum and show them in Fig.2(b). Consider-
ing that the measurement results are directly affected by
the experimental set-up parameters listed in Tab.1, we
correct the photon count of each band using the follow-
ing algorithm.

Photon count

Relative intensity = ——— 1
Y BT xT xS (D

where BW and T represent the bandwidth and the average
transmittance respectively of a filter, and S represents the
average photon counting sensitivity of the PMT corre-
sponding to the transmission band. The corrected DL
spectrum is shown in the light blue histogram in Fig.2(b).
Compared with the spectrum before correction, the pro-
portions of 315—436 nm and 413—500 nm bands in the
corrected spectrum  decrease, while those of
461—542 nm and 572—650 nm bands increase. How-
ever, the two have no significant changes in the shape of
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the spectral distribution. It can be seen that the DL from
MSCs has a broad spectral distribution, covering at least
300—650 nm. In addition, the spectral distribution is not
evenly, but mainly concentrated in 400—550 nm.
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Fig.2 (a) Typical DL emission spectra of MSCs dy-
namics of different spectral components of DL from
MSCs; (b) Spectra obtained by normalizing the single
spectral intensities to the value of their sum before
correction (blue bars) and after correction (bright blue
bars); (c) Comparison of normalized DL dynamics in
different bands

In order to observe the differences in the DL dynamics
of these bands, we normalize the DL curves of the
315—436 nm, 413—500 nm and 461—542 nm bands
using the Min-Max Normalization, as shown in Fig.2(c).
It should be mentioned that due to the low sensitivity of
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the PMT in the 572—650 nm band, the measured DL is
too weak to show accurate dynamic characteristics, so
this band is not normalized for comparison. It can be
seen that the 315—436nm, 413—500nm, and
461—542 nm bands have the same dynamic characteris-
tics, indicated by the high coincidence of the normalized
DL curves. The results indicate that although the DL
intensity of MSCs decays with time, the spectral distri-
bution remains stable during the DL process.

In order to study whether the DL spectral distribution
is related to cell viability, we first focus on the differ-
ences in DL spectra between high and low viability. In
our experiment, the decrease of the cell viability was
induced by the starvation method, which is to suspend
the cells in PBS at a low temperature of 4 °C for several
days™. We used the cells with viability >80% (by try-
pan blue method) as high-viability cells and those with
viability <30% as low-viability cells to highlight the dif-
ferences in cell viability. The comparison of DL spectral
distribution between high and low viability is shown in
Fig.3. It can be seen that compared to the DL spectra of
cells with high viability, the proportions of 315—436 nm
and 413—500 nm bands of those with low viability de-
crease by about 34% and 27% respectively, the propor-
tion of 572—650 nm band increases by about 2 times,
while the proportion of 461—542 nm band has no obvi-
ous change. Further, the Student's t-test was used for
statistical analysis. The results show that the differences
in the 315—436 nm, 413—500 nm and 572—650 nm
bands are significant, as indicated by the p values of
9.37x107, 1.49x10° and 8.51x10° respectively, while
the 461—542 nm does not show significant difference,
as indicated by the p values of 0.808. These results re-
veal an obvious spectral red-shift that appears in the DL
spectra of low-viability MSCs. This red-shift may be a
valuable indicator of the cell viability decline.
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Fig.3 Comparison of DL spectral distributions be-
tween high and low viability of MSCs (All data are
corrected according to Eq.(1); * indicates p<0.05.)

Considering that only the differences between high
and low viability are not enough to prove the effective-
ness of DL spectral distribution as an indicator, we fur-
ther studied the change of DL spectral distribution with
the decrease of cell viability. Here, the decrease of cell
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viability was induced by placing the cells under a condi-
tion of starvation, as mentioned above. The cell viability
was accessed using the trypan blue method in parallel
with the DL spectral measurements every 6 h during the
decline of cell viability. As shown in Fig.4, the cell vi-
ability undergoes a monotonous decline with time of cell
starvation. Correspondingly, the proportions of /555 436
and /413 500 show a downward trend, while the proportion
of I57,_¢s0 exhibits a significant increase. The results in-
dicate that the entire process of cell viability decline is
accompanied by the DL spectral red-shift, and the degree
of red-shift is related closely to the cell viability. How-
ever, it is noticed that anyone of the /315 436, 1413-500 and
1575 650 does not exhibit good monotonicity as the cell
viability decreases, and thus cannot be used as an indi-
cator. Therefore, we define a comprehensive indicator as
follows

RS — ]3157436 + [4137500 . (2)
1572—650

Obviously, RS can reflect the degree of DL spectral
red-shift more sensitively and accurately than anyone of
the 131543(,, 1413,500 and IS72—650~ The smaller the RS, the
higher the degree of the spectral red-shift. As a result,
Compared with the cases of 1315436, ]413,500 and ]572—6505
the change of RS with cell-starvation time presents much
better monotonicity and smaller standard deviations, in-
dicating that RS is more sensitive to the changes of the
cell viability, and less affected by individual differences
of the cells. Based on these findings, we suggest that RS
can be an effective spectral marker for assessment of
MSC viability.
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DL is a re-luminescence process of organisms after il-
lumination. It is generally considered that this process is
different from phosphorescence and delayed fluores-
cence, whose luminescence lifetimes are generally on the
order of microseconds™**. In our study, the DL of
MSCs was collected 40 ms after the illumination was
stopped, which is beneficial to reduce the interference of
phosphorescence and delayed fluorescence. Essentially,
photon emission originates from the radiation transition
of excited molecules from high-level electronic states to
low-level electronic states, and its wavelength depends
on the energy level structure of the molecules. The re-
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sults in Fig.2 show that the DL spectrum of the cell cov-
ers at least the ultraviolet and visible wavelengths
(300—650 nm). This broad spectral distribution suggests
that the DL of MSCs is not derived from a specific bio-
molecule, but a variety of biomolecules are involved. It
is worth noting that the DLs of different bands exhibit
the same decay characteristics, although their intensities
are different, as shown in Figs.2(a) and (c). This result
indicates that the DL components derived from multiple
biomolecules in the cells may have the same source.
Considering these results comprehensively, we believe
that the DL may originate from the coherent photon field
in the cells’®). Since the cells contain a large amount of
endogenous fluorescent substances, such as aromatic
amino acids, NADH, flavin, lipopigments, etc?27] only
a small part of the photons that escape from the coherent
photon field may be directly collected by the detector,
while the rest of the photons may induce the fluorescence
of these biomolecules, resulting in a broad DL spectral
distribution.

Fig.3 shows a significant red shift in the DL spectrum
of low-viability cells relative to high-viability cells. This
may be caused by changes in the composition of endoge-
nous fluorescent molecules in cells. And these results are
similar to those of Agata Scordino et al'"® which showed
that the DL blue component (about 420—500 nm) of the
apoptotic thyroid cancer cells induced by berberine exhib-
ited a strong decrease, and this decrease could be linked to
the NADH oxidation and an irreversible decrease of in-
tramitochondrial NADH pool™!. Therefore, we infer that
as the viability of MSCs decreases, the reduction of
NADH may be the main cause for the decrease in the
proportion of the 413—500 nm band, while the increase in
the proportion of 572—650 nm band may be related to the
lipopigments, whose fluorescence emission wavelength is
about 570 nm!'%*/,

Further, we found that the DL spectral red-shift con-
tinued to occur during the decline of the cell viability, as
shown in Fig.4. It is worth noting that with the decrease
of the cell viability, the degree of DL spectral red-shift is
not linearly related to the result by the trypan blue
method. Although this can be partly attributed to meas-
urement errors, it also suggests that the DL may reflect
more biological information than the trypan blue method.
Compared with the trypan blue method that can only
distinguish between living and dead cells, DL may not
only reflect the cell viability, but also be sensitive to the
changes in the vitality of living cells, which provides a
new guidance for our future research.

In this study, it was found that the DL from MSCs has
a stable spectral distribution during its decay process,
which covers at least 300—650 nm, and mainly distrib-
utes in 400—550 nm. Further, we demonstrated that the
decrease in the cell viability is accompanied by the DL
spectral red-shift, which can be represented by an in-
crease in the proportion of 572—650 nm band and a de-
crease in the proportions of both 315—436 nm band and
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413—500 nm band. The degree of this red-shift has the
potential to act as an important spectral signature for
label-free assessment of the cell viability.
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