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Abstract: We report a rapid, sensitive, and high-throughput method for quality control of human sperm cells and
oocytes staining based on the aggregation-induced emission feature of the tetraphenylethylene-based luminogen
(TPE-Ph-In), which is mitochondria-specific. Germ cells are evaluated to assess fertility and to facilitate assisted
reproduction. In regular clinical practice, sperm quality is determined on the basis of visual examination and math-
ematical models of the sperm cell number, motility, and morphology. The maturation of the oocyte is crucial for the
developmental competence of the resulting embryo. Human in vitro fertilization (IVF) have indicated that delay-
ing insemination improves fertilization rates, presumably by allowing the completion of cytoplasmic maturation for
those oocytes that have not completely matured at the time. Therefore, a more reliable method to determine germ
cell quality is needed. The mitochondrial membrane potential (MMP) of spermatozoa reflects the function and
status of those cells. In oocytes, the distribution of mitochondria indicates the readiness of the cell for fertilization.
Aggregation-induced emission luminogens (AlEgens) have good biocompatibility and photostability and produce low
levels of background signal. There are about 100,000 mitochondria per fully-grown human oocyte. Mitochondria in
mammalian oocytes are spherical with little cristae, supplying large scale of ATP for embryo development. Here, we
expanded the use of TPE-Ph-Into determine germ cell quality on the basis of the MMP and the intracellular distribu-
tion of mitochondria. We stained clinical sperm samples from 36 patients with infertility, as well as four oocytes, with
TPE-Ph-In and examined the cells by confocal microscopy and cell sorting analysis. Our results showed a positive
correlation between the MMP and sperm cell motility, as well as the different distribution of mitochondria in oocyte.
Thus, staining with TPE-Ph-In could be used to quickly determine germ cell quality in vivo, bringing new possibilities
for applications of AlEgens in biomedical research and clinical trials.
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Introduction

Failed fertilization happens in infertility and
may result from defective spermatozoa and/or
oocytes. Individuals with poor germ motility are
usually infertile unless require assisted repro-
ductive techniques are to achieve successful
fertilization employed. Infertility is a global he-
alth issue affecting 48.5 to 186 million coupl-
es worldwide, with 20-70% of the cases being
attributable to male factors 1. Numerous clini-
cal studies confirmed the existence of paternal
contributions to faulty fertilization and aber-
rant embryo development [1-4], highlighting the
need to select the best sperm cells before in

vitro fertilization (IVF) is attempted. Routine
clinical tests to evaluate sperm characteristics
include numeration and determination of motil-
ity, vitality, and morphology. The current meth-
ods of semen quality analysis have limited clini-
cal value for predicting IVF success, with a suc-
cess rate of less than 50% [5]. In clinic, when
the oocyte was subjected to ICSI, it was regu-
larly observed just under an inverted micro-
scope. The density of the central region and the
whole size of the oocyte was observed [6]. Thus
poor-quality oocytes are another factor that lim-
its reproductive success [7]. Despite significant
improvements in implantation and pregnancy
rates over the years, 60% of fresh embryos with


http://www.ajtr.org

The new pre/clinical application of TPE-Ph-In, an AIEgens

acceptable morphology fail to implant beca-
use of mitochondrial defects or chromosomal
anomalies [8, 9]. In addition, there is a critical
age-dependent decline in the quality of oocytes
[10]. Better methods to determine germ cell
quality are required, which will make it possible
to exclude useless in vitro fertilization attempts.

Mitochondria play crucial roles in cellular en-
ergy metabolism and tightly regulate cellular
homeostasis, viability, and physiological func-
tions [11]. Many factors can alter the mitochon-
dria, leading to mitochondrial dysfunction or
even neurodegenerative and cardiovascular
diseases [12-14]. Mitochondria supply energy
to cells through a series of biochemical pro-
cesses [11] in which free energy is released
from nutrients and channeled by the respirato-
ry chain to generate an electrochemical gradi-
ent across the inner mitochondrial membrane
called the mitochondrial membrane potential
(MMP), which is used by ATP-synthase to gener-
ate ATP.

Mitochondria play vital roles in oocyte func-
tions during preimplantation embryonic devel-
opment, as glycolysis is limited after fertiliza-
tion and mitochondrial replication is sup-
pressed from metaphase-Il until the hatched
blastocyst stage [15]. Mitochondria possess
their own small genome and are inherited uni-
parentally from the mother, as sperm mito-
chondrial proteins are ubiquitinated and de-
graded after the sperm cell gains entry into the
oocyte [16-19]. Dysfunction of oocyte mito-
chondria is believed to be a key factor in poor
developmental competence of oocytes in older
females [20]. High ATP levels in oocytes cor-
relate with better embryo development and
implantation rates [21]. Attenuated mitochon-
drial activity reduces the production of ATP, and
failure of ATP production has been shown to
have deleterious consequences on chromo-
some segregation and embryonic development
[22]. Long-term observation of mitochondrial
dynamics in oocytes is difficult, because the
fluorescence intensity of commercially avail-
able mitochondria-specific markers rapidly de-
creases.

Mitochondria are one of the most important
determinants of male fertility, playing a crucial
role in sperm motility, hyper activation, capaci-
tation, and fertilization. The activated motility
of ejaculated spermatozoa and the hyperacti-
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vated motility of spermatozoa during fertiliza-
tion both require a sufficient supply of energy.
In sperm cells, mitochondria are exclusively
confined to the mitochondrial capsule, which is
located in the sperm mid-piece and wrapped
tightly around the axoneme. Because of their
tight packing and strict localization in the mito-
chondrial capsule, sperm mitochondria are dif-
ficult to isolate using conventional separation
methods [23]. It has been proposed that the
MMP across the inner mitochondrial membr-
ane of human spermatozoa is an indicator of
sperm quality [24-26]. Abnormal MMP in sperm
mitochondria may lead to mitochondria dys-
function, resulting in male infertility [27].

The measurement of MMP using potentiomet-
ric dyes is considered to be a reliable test to
determine germ cell quality. Several fluorescent
probes have been developed to image mito-
chondria in living cells, such as rhodamine 123
(Rh 123) and JC-1 cationic groups [28-30].
Those fluorochromes accumulate preferentially
in hyperpolarized mitochondria, which have a
high membrane potential, allowing those mito-
chondria to be distinguished from depolarized
mitochondria, which have a low membrane
potential [31]. Rh 123 and JC-1 both suffer
from limitations including high cytotoxicity,
low selectivity, and poor photostability due to
the aggregation-induced emission-quenching
(ACQ) effect, even at very high concentrations.
A previous study reported on the complexities
and false results associated with the use of
JC-10 to measure MMP [31]. The fluorescence
emission of JC-1 is limited, making errors diffi-
cult to predict. For the monitoring of germ cell
quality in clinical applications, luminogens
need to have low cytotoxicity and high photo-
stability, and the fluorescence quantum yield
should be as strong as possible to achieve
accuracy for long-lasting tracking. Therefore,
the use of ACQ dyes to track MMP is not suit-
able for clinical tests of germ cell quality.

In 2001, the unique photophysical phenome-
non of aggregation-induced emission (AIE) was
discovered [32]. Luminogens with AIE (AIEgens)
are almost nonfluorescent in the solution state
but become highly emissive when aggregates
are formed. The major mechanism of AIE is
the restriction of intramolecular rotation [33].
AlEgens display strong fluorescence and good
photostability [33-35]. Researchers have alrea-
dy started to explore the applications of AIE

Am J Transl Res 2019;11(11):6907-6923



The new pre/clinical application of TPE-Ph-In, an AlIEgens

TPE-Ph-In
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Scheme 1. Structures and emission spectra of TPE-
Ph-In in DMSO and DMSO/water mixtures with 99%
water fractions (fw). Dye concentration: 10 mM; ex-
citation wavelength: 450 nm. Inset: photographs of
TPE-Ph-In in DMSO/water mixtures with fw values of
0% and 99% under 365 nm UV irradiation. (redrawn
from [38]).

probes in a variety of biological and medi-
cal applications [36-39]. Tetraphenylethylene
(TPE) derivatives are the most widely used
AlEgens, because they are stable and easy to
synthesize. Recently, Tang et al. examined a
series of TPE derivatives using ultrafast spec-
troscopy and confirmed that central C = C bond
elongation and p twist after photoexcitation
was the main cause of non-radiative decay
[40]. TPE-Ph-In, the first non-self-quenching mi-
tochondria-specific probe, was synthesized by
incorporating indolium salt into TPE (Scheme
1) [38]. With high sensitivity to intramolecular
charge transfer, normally based on donor-ac-
ceptor architecture, TPE-Ph-In is widely used
as a red emitter [41-43]. The indolium salt in
TPE-Ph-In is positively charged and serves as
an electron-accepting moiety for mitochondrial
targeting [44-46]. TPE-Ph-In is non-emissive in
solution, but when it accumulates in mitochon-
dria its fluorescence signal is switched on be-
cause of the aggregation of the TPE residues.
TPE-Ph-In can easily penetrate the cell mem-
brane and access the mitochondria, which
ensures its high sensitivity for in situ imaging of
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the MMP. Because of its good photostability,
excellent biocompatibility, and high signal-to-
noise ratio, TPE-Ph-In has proven useful for
monitoring biological processes in vitro [38,
47-49]. Moreover, TPE-Ph-In not only targets
mitochondria but also can be used to monitor
changes in MMP [50, 51]. As such, the superior
performance of TPE-Ph-In has motivated us to
exploit it in vivo for (pre) clinical investigation.

In this study, we demonstrate the development
of a novel method to evaluate germ cell quality
on the basis of real-time monitoring of MMP.
Fluorescence microscopy, flow cytometry, and
computational analysis techniques are widely
applied to evaluate germ cell characteristics
[52]. We used TPE-Ph-In and Hoechst 33342
staining together with flow cytometry analysis
to examine the quality of semen samples from
36 men with infertility. We also used TPE-Ph-In
and Hoechst 33342 staining to evaluate the
status of four abandoned oocytes. The evalua-
tion of germ cell quality using TPE-Ph-In stain-
ing and flow cytometry requires smaller sam-
ples and less time than conventional analyses
and is accurate and suitable for high-through-
put, multiplexed assays. This method can be
used to determine the sperm quality in about 1
h, providing information on sperm concentra-
tion, morphology, and MMP. On the other hand
we also staining the oocyte and obverse using
the confocal microscope, which could help us
finish the morphology assessment and MMP
detection at the same time

Results
Cytotoxicity test of TPE-Ph-In

Dyes used in image analyses of living cells
must have low cellular toxicity. We therefore
evaluated the cytotoxicity of TPE-Ph-In in HelLa
and HCT 116 cells using a 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium bromide (MT-
T) assay. Both cell types maintained high viabil-
ity (=90%) after treatment with 10 yM (an
appropriate concentration for imaging) TPE-Ph-
In for 0.5 h, 1 h, or 1.5 h (Figures S1 and S2).
We also measured the physiological character-
istics of sperm cells after staining with TPE-Ph-
In under the same conditions (Table 1). There
was almost no change in progressive motility
and non-progressive motility after the cells
were stained and scanned.
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Table 1. Sperm characteristics of semen and prepared spermatozoa

No. of samples Mean (SEM) Minimum Median Maximum
Sperm concentration (x 108/ml) 36 79.948.15 9.5 80.1 272.5
Progressive (PR) motility in neat semen (%) 36 32.3+2.5 2 315 61.4
Non-Progressive (NP) motility in neat semen (%) 36 20.9+1.4 5.2 18.8 35.7
RP+NP 36 53.2+3.3 7.6 56.2 86.9
Normal morphology (%) 36 7.4+0.28 4 7 15

All of the 36 samples came from Renmin Hospital of Wuhan University from April to May 2019. The data of Patient sample is

from XJB.

Imaging of sperm cells stained by TPE-Ph-In

We performed a colocalization experiment us-
ing TPE-Ph-In and the mitochondria-specific dye
MitoTracker Green in Hela cells. The results
showed that TPE-Ph-In localized in the same
locations as MitoTracker Green (Figure S1A),
indicating that TPE-Ph-In localized specifically
in the mitochondria. To confirm whether TPE-
Ph-In has the capability to indicate alterations
in MMP, we pretreated HelLa and HCT 116 ce-
lIs with carbonyl cyanide m-chlorophenylhydra-
zone (CCCP), a mitochondrial uncoupler, in or-
der to change the MMP during the staining pro-
cess. CCCP promotes the release of intra-mito-
chondrial cations and causes rapid acidifica-
tion by collapsing the MMP [53]. We found that
TPE-Ph-In could quickly penetrate untreated
cells and accumulate in the mitochondria to
give a bright red fluorescence (Eigure S1C). The
fluorescence signal of TPE-Ph-In can directly
represent the MMP on the basis of the positive
correlation between the fluorescence intensity
and the local dye concentration in the mito-
chondria [38, 47], which is difficult to achieve
for traditional dyes suffering from ACQ effects
[38, 47]. The CCCP treatment led to a decrease
in the intensity of the red fluorescent signal of
the TPE-Ph-In, reflecting the CCCP-induced de-
cline in the MMP.

Real-time in vivo bioimaging of human sperm
cells

We incubated human sperm samples with 10
mM TPE-Ph-In and 1 pg/ml Hoechst 33342
(Sigma-Aldrich, 861405) for nuclear staining
for 0.5 h. The motion of the sperm cells stained
with TPE-Ph-In and Hoechst 33342 is shown
in Video S1. The fluorescence intensity in the
TPE-Ph-In-stained mitochondria was a good
indicator of the level of sperm motility, sug-
gesting that TPE-Ph-In can be used to monitor
the activity of sperm cells. To gain further
understanding about it, the dynamic motion of
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clinical sperm cells were stained with TPE-Ph-In
was tracked and recorded (Video S1). Figure
1 shows the merged TPE-Ph-In and Hoechst
33342 staining of representative sperm cells.
The results confirmed that the mitochondria
were localized in the spermatozoa mid-piece.
TPE-Ph-In could thus specifically bind negative-
ly charged mitochondria and indicate the mito-
chondria membrane potential changes in living
cells [38]. The excitation wavelength of TPE-Ph-
In was 561 nm, and a lambda scan showed
that a strong emission occurred at 596-663
nm (Figure 4). The detailed imaging results for
all of the 36 patients’ samples are given in the
supporting information.

The imaging results revealed that energetic
sperm cells produce bright red fluorescence
with TPE-Ph-In staining comes from the ener-
getic sperms, while the inactive sperm cells
give only give faint red fluorescence or even
do not given fluorescence at all. It has been
known that Mitochondria of spermatogenic
cells modify their morphological organization,
number, and location. Mitochondria, localized
in the mid-piece area of sperm flagellum, pro-
duce ATP to support sperm motility, as a key
indicator of sperm function. Mitochondria in
mature spermatozoon spermatids aggregate
and form the mitochondrial sheath of the mid-
dle piece [54, 55]. There is a good correlation
between the MMPAyw_ and overall fertilizing
capability of a subpopulations of human sper-
matozoa showing the highest better fertiliza-
tion potential is are characterized by a high
mitochondrial functionality, as detected with
mitochondrial probes [56]. In our results, the
mid-pieces of sperms presented various
degrees of fluorescence intensity, as shown
in Video S1, strong fluorescence signals were
observed appeared in the middle- pieces of
living sperm cells with high vitality. Interesting-
ly, we also found that some fewer active sp-
erm cells displayed fluorescence were near
the head of spermregion. Typical morphological
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Hochest33342 TPE-Ph-In Brief Field Merge

Figure 1. The staining of clinical sperm samples from an individual with
normal fertility and a patient with infertility. The sperm cell concentration is
higher in the sample from the individual with normal fertility than in the sam-
ple from the patient with infertility. The tails of the sperm cells are stained
red by TPE-Ph-In. Scale bar = 20 ym. A-D. The sperm cells of an individual
with normal fertility stained with TPE-Ph-In (red) and Hoechst 33342 (blue).
E-H. The sperm cells from patients stained with TPE-Ph-In (red) and Hoechst
33342 (blue). Normal control is from ZS. Patient sample is from LP.

Normal

Patient

TPE-Ph-In Brief Field

Hochest33342

Figure 2. Confocal images of four different grades of sperm cells from pa-
tients’ samples stained with TPE-Ph-In (red) for 30 min. Blue signal indicates
the cell nucleus stained by Hoechst 33342. Red signal indicates mitochon-
dria stained by TPE-Ph-In. The white arrow points out deformed sperm without
a tail. Excitation wavelength: 561 nm, emission wavelength: 596-663 nm (for
TPE-Ph-In); excitation wavelength: 405 nm, emission wavelength: 410-531
nm (for Hoechst 33342). Scale bar =5 um.
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signs of apoptosis include
plasma membrane blebbing
with the formation of apop-
totic bodies, impaired mito-
chondrial integrity, defects
of the nuclear envelope, and
nuclear fragmentation. All of
those; these morphologies si-
gns have also been observ-
ed in human sperm cells.
Increased membrane perme-
ability of spermatozoa is a si-
gn of early apoptosis in sper-
matozoa [57, 58]. Compared
to with their immature coun-
terparts, mature sperm cells
showed signs of apoptosis
less frequently. In particular,
their mitochondria were mo-
re intact, the nucleus was
minimally fragmented, and
nuclear envelope defects we-
re rarely observed [59]. As-
says capable to of detecting
apoptotic spermatozoa can
identify defective spermato-
zoa at an early stage of dam-
age and thus can be better
assays of sperm quality [60,
61]. Hereby our findings fur-
ther the great value of this
technique for sperm analys-
is.

Human sperm preserves a
number of mitochondria in a
specific subcellular compart-
ment, indicating that the fun-
ctionality of these organell-
es might be crucial. In addi-
tion, sperm mitochondria be-
come polarized, and thus fun-
ctional. Likewise, a remark-
able change in human sperm
mitochondria towards a more
loosely wrapped morphology,
possibly resulting from an in-
crease in mitochondrial vol-
ume, was associated with ca-
pacitation [62]. Asthenozoos-
permia is a fertility-impairing
pathology linked to a more or
less pronounced reduction of

Am J Transl Res 2019;11(11):6907-6923
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Figure 3. Co-staining of Hela cells with Hoechst 33342 (blue) and TPE-Ph-In (red). The untreated cell membrane
potential with co-staining is normal, with the cell population mostly gathered in the Q2 region and strong signals in
both the red and the blue channels (red channel: photoluminescence = 4043; blue channel: photoluminescence
= 5669). After the cells were treated with carbonyl carbonyl cyanide 3-chlorophenylhydrazone (CCCP), the red fluo-
rescence almost disappeared, whereas the blue fluorescence intensity did not change (red light: 462 blue light:
11234). The results indicate that the state of the cell membrane potential can be accurately judged by the change

in the intensity of red fluorescence. Scale bar = 10 ym.

sperm motility. Structural alterations of sperm
flagella are responsible for reduced motility in
asthenozoospermic infertile men. By electron
microscopic analysis of semen samples, de-
fects in the components of the periaxonemal
structures, mitochondrial helix and fibrous
sheath, can be recognized [63].

Abnormalities of mitochondrial organization
include a shorter mid-piece with fewer mito-
chondrial gyres, total absence of mitochondria
from the mid-piece, lack of the mid-piece seg-
ment, bad assembly or clustering of mitochon-
dria with normal ultrastructure [64, 65]. In
some cases of asthenozoospermia, sperm mi-
tochondria can be functionally active and pr-
esent a high Ay _in a large number of cells.
Therefore, the low sperm motility does not
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necessarily result from energetic disturbances
of sperm mitochondria, but it may be associat-
ed with deformations of the mitochondrial sh-
eath containing functional mitochondria [66].

Imaging of four different grades of clinical
sperm samples

We chose four clinical grades of sperm from
patients to show the detailed differences am-
ong the grades. As shown in Figure 2, white
arrowhead points out the sperm with deformity
tail. Even without any red fluorescence, the
shape of this sperm is not clear in the bright
field. Fast-moving sperm with a Z-shaped tail
are shown in Figure 2B-F. The average fluores-
cence intensity of those sperm cells is greater
than 35. Figure 2I-P shows moving sperm with

Am J Transl Res 2019;11(11):6907-6923
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Figure 4. Correlation between conventional sperm analysis (progressive +
nonprogressive motility) and flow cytometry results of 36 patients’ sample.
The correlation coefficient is R?> = 0.8869. All flow cytometry results for pa-
tients are included in the Supplementary File. P < 0.05 was considered sta-

tistically significant.

a straight tail and an average fluorescence
intensity of 42. There were differences in spe-
rm reactivation and MMP between fast-moving
and slow-moving sperm cells. By staining the
sperm with TPE-Ph-In as well as Hoechst
33342, we could identify more active sperm
from the semen samples. The percentages of
Grade A and Grade B spermatozoa in our 36
samples from patients were < 50% and < 25%,
respectively.

In clinic, the motility of sperm is divided into
four different grades: Grade A (also denoted
motility IV): Sperm with progressive motility.
These are the strongest and swim fast in a
straight line. Grade B (also denoted motility IlI):
(non-linear motility): These also move forward
but tend to travel in a curved or crooked motion.
Grade C (also denoted motility Il): These have
non-progressive motility because they do not
move forward despite the fact that they move
their tails. Grade D (also denoted motility I):
These are immotile and fail to move at all.
Spermatozoa with rapid forward movement
and Grade b with slightly slow forward move-
ment (A + B) were less than 50% or 25% respec-
tively. (1) Mild asthenospermia refers to Grade
A+ Bsperm <50%, but > 30% or grade a sperm
< 25%, but > 10%. Secondly, moderate asthe-
nospermia refers percentage of Grade A sperm
cells is below 10%. Severe asthenospermia is
when Grade B and Grade C sperm cells make
up less than 30% of the total sperm population,
and the population contains no Grade A sperm
cells. | mild asthenospermia refers to a Grade B
sperm < 50%, but > 30% or A Grade sperm <

6913

25%, but > 10%, Il moderate
asthenospermia refers to a
Grade B sperm < 50%, but >
° 30%. Grade A spermatozoa <
10%, lll severe asthenosper-
mia refers to the number of
Grade B and C spermatozoa
< 30%, among which Grade A
spermatozoa is zero.

R? = 0.8869

Flow cytometry analysis of
sperm

- e We performed flow cytometry

analysis of samples of TPE-
Ph-In-stained Hela cells and
sperm cells to evaluate the
average MMP of the sam-
ples. Cells without any treat-
ment served as a blank con-
trol, showing only the auto-
fluorescence originating from the cells (Figure
3). We incubated the cells with TPE-Ph-In at
37°C for 0.5 h. The results of prior conventio-
nal analysis of the sperm samples to deter-
mine the numbers of cells with progressive
and non-progressive motility correlated strong-
ly with the average MMP values determined by
flow cytometry (R? = 0.8869; Figures 3 and 4).
The results of the flow cytometry analysis of the
36 patients’ samples are given in the support-
ing information.

Photostability of TPE-Ph-In in live sperm cells

The intracellular fluorescence of TPE-Ph-In ch-
anged only slightly, even after constant laser
irradiation under a confocal fluorescence micr-
oscope for 360 s (Figure S2). Confocal images
of sperm cells stained with TPE-Ph-In taken
under continuous excitation at 561 nm for 30
scans within 360 s photoluminescence (PL =
78.829) showed that the fluorescence inten-
sity of TPE-Ph-In declined by only 8% as the
number of scans increased, demonstrating th-
at TPE-Ph-In possesses strong photostability
and high resistance to photobleaching. Our
results suggest that TPE-Ph-In is applicable for
in vivo time-lapse and long-term bioimaging
studies of sperm cells.

High-throughput method acquisition

Fast imaging with a confocal microscope of 10
clinical semen samples provided information
about sperm concentration and morphology.
Analysis of the images shown in Figure 5A. The
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sperm cell concentrations of the tested sam-
ples, as shown in Figure 5B. We next measur-
ed the fluorescence spectra of TPE-Ph-In in
eight (8/36, 22%) randomly selected clinical
semen samples. The differences between sam-
ples from individuals with normal fertility and
patients with infertility showed that the TPE-Ph-
In fluorescence intensity was indicative of the
magnitude of the MMP. When sperm cells are
introduced into this system, the solution shows
strong red fluorescence the excitation wave-
length is 561 nm. Previous results showed that
the excitation wavelength of TPE-Ph-In is 450
nm [38]. The photoluminescence spectra of
TPE-Ph-In in buffer solutions with different clini-
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Patient Name  Sperm Number %  PL intensity PR+NP
JH 41.3 con 51.3
ZNN 16 28.4 226
Qam 7.2 18.1 10.9
WJH 31 38.5 36.4
qaL 47 56.1 50.5
XP 229 322 28.2
LD 17.6 27.5 23.8
zY 44 4 67.5 48.5
HZH 37 43.75 33.3
LP 5.6 14 7.6

PL intensity(a.u.)

1200000

1000000

800000

600000

200000

400000

0
510 560 610 660 710

wavelength

Figure 5. Establishment of a high-throughput method to
determine sperm quality. A. Fast imaging for the sperm
cells in clinical samples stained with TPE-Ph-In (red)
and Hoechst 33342 (blue) after regular pretreatment,
detailed described in material and methods. Scale bar
= 20 um. B. The sperm cell concentrations of the test-
ed samples. C. Photoluminescence spectra of clinical
samples stained with TPE-Ph-In and Hoechst 33342.
Normal control is from ZS.

cal semen samples are shown in Figure 5C.
Notably, in the presence of sperm cells, the
fluorescence intensities of TPE-Ph-In in the
different clinical semen samples were also
enhanced, which may be attributed to the AIE
feature of TPE-Ph-In. TPE-Ph-In is not water sol-
uble but has good water miscibility. Upon bind-
ing to mitochondria, the intramolecular motion
of TPE-Ph-In is restricted further, which leads
to fluorescence enhancement. The fluorescen-
ce intensity of the solution appeared at 615
nm and 480 nm. Identical acquisition settings,
including laser intensity and exposure time,
were used for each well on the same plate,
which made it easy to count the numbers of
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Figure 6. Confocal microscopy imaging of mitochondria in a human oo-
cyte. Clinical sample 1 and Clinical sample 2 are from live oocytes in meta-
phase-ll. Clinical sample 3 and Clinical samples 4 are from live oocytes in
the germinal vesicle stage.

functional mitochondria and to observe the
sperm cells in real time.

Real-time imaging of mitochondria in human
oocytes

The mammalian oocyte typically contains about
100,000 mitochondria that can occupy up to
30% of the cytoplasmic space [67]. The quality
of oocytes is critically associated with mito-
chondrial dysfunction. Most oocytes retrieved
from ovaries are mature, metaphase-ll-arrest-
ed oocytes, but about 10-20% remain imma-
ture, at metaphase-l or prophase-I (germinal
vesicle stage). The recognition of oocyte matu-
ration arrest as a specific condition may con-
tribute to the characterization of what is cur-
rently known as the “oocyte factor”. Oocyte
maturation is the breakdown of the germinal
vesicle in prophase-l oocytes and subsequent
completion of meiosis-l and meiosis-Il in the
ovarian follicle. Studies of oocyte maturation
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Merge have mainly focused on molec-
ular processes [68-72] and
gene-expression profiles [73].
There are few data on the ultra-
structural analysis of immature
or mature human oocytes. Such
data would shed light on the
cellular mechanisms that un-
derlie oocyte maturation, which
are important for the establish-
ment of optimal in vitro han-
dling protocols for oocytes after
follicle retrieval for IVF. The
redistribution of mitochondria
is an important event in oocyte
maturation, and the mitochon-
drial distribution is considered
a marker of oocyte cytoplasmic
maturity [74-81]. Mammalian
oocytes have more mitochon-
dria and greater cytoplasmic
volume than somatic cells [82].
Mitochondria disperse homoge-
neously throughout the cyto-
plasm with concomitant disap-
pearance of the aggregated
structure just after germinal
vesicle breakdown. Mitochon-
dria in metaphase-| oocytes lo-
calize around the spindle and
form large clusters [80]. The
oocyte size and mitochondria
rearrangement around the nu-
cleus are associated with the
oocyte’s potential to resume meiosis in vitro
[83]. It is difficult to obtain precise information
about the dynamics of mitochondria in mam-
malian oocytes. The mitochondrial distribution
in human oocytes is defined as peripheral
(located largely in the cortical region of the
oocytes), diffuse (spread evenly over the cyto-
plasm), or semi-peripheral (between peripheral
and diffused distribution) [75]. Normally, the
mitochondrial distribution in human meta-
phase-l oocytes is considered to be peripheral
or semi-peripheral and diffuse [84].

We obtained four clinical oocyte samples and
stained them with TPE-Ph-In, followed by confo-
cal imaging. The oocytes had small numbers of
mitochondria, which were not dispersed homo-
geneously throughout the cytoplasm with con-
comitant disappearance of the aggregated st-
ructure (Figure 6). Also, the TPE-Ph-In fluores-
cence was very weak, indicating a low level of
mitochondrial activity. The clinical oocyte sam-
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ples 3 and 4 were from the germinal vesicle
stage. As shown in Figure 6, we found that the
mitochondria were distributed throughout the
whole oocyte, with high MMP.

Discussion

Infertility is a global health issue affecting 48.5
to 186 million couples worldwide, with 20-70%
of the cases being attributable to male factors
[85]. Our imaging results revealed that ener-
getic sperm cells produce bright red fluores-
cence with TPE-Ph-In staining, whereas inactive
sperm cells give only faint red fluorescence or
no fluorescence at all. Mitochondria of sper-
matogenic cells modify their morphological
organization, number, and location. Mitochon-
dria in mature spermatids aggregate and form
the mitochondrial sheath of the mid-piece [54,
55]. The MMP is correlated with the overall fer-
tilization capability of spermatozoa in human
sperm samples [86]. Furthermore, subpopula-
tions of human spermatozoa showing the high-
est fertilization potential are characterized by
high mitochondrial functionality, as detected
by mitochondrial probes [56]. In our results, the
mid-pieces of sperm cells presented various
degrees of fluorescence intensity. We also
found that some active sperm cells displayed
fluorescence near the head region. Typical mor-
phological signs of apoptosis include plasma
membrane blebbing with the formation of ap-
optotic bodies, impaired mitochondrial integri-
ty, defects of the nuclear envelope, and nucle-
ar fragmentation. All of those signs have been
observed in human sperm cells. Increased
membrane permeability of spermatozoa is a
sign of early apoptosis [57, 58]. Compared with
their immature counterparts, mature sperm
cells show signs of apoptosis less frequently;
their mitochondria are more intact, the nucleus
is minimally fragmented, and nuclear envelope
defects are rarely observed [59]. Assays ca-
pable of detecting apoptotic spermatozoa can
identify defective spermatozoa at an early
stage of damage [60, 61].

Sperm mitochondria become polarized and
thus functional. Accordingly, a remarkable ch-
ange in human sperm mitochondria toward a
more loosely wrapped morphology, possibly
resulting from an increase in mitochondrial vol-
ume, is associated with capacitation [62]. As-
thenozoospermia is a fertility-impairing pathol-
ogy linked to a more or less pronounced redu-
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ction of sperm motility. Structural alterations
of sperm flagella are responsible for reduced
motility in asthenozoospermic infertile men.
Electron microscopic analysis of semen sam-
ples can identify defects in the components
of the periaxonemal structures, mitochondrial
helix, and fibrous sheath [63]. Abnormalities of
mitochondrial organization include a shorter
mid-piece with fewer mitochondrial gyres, a
total absence of mitochondria from the mid-
piece, a lack of the mid-piece segment, and
bad assembly or clustering of mitochondria
with normal ultrastructure [64, 65]. In some
cases of asthenozoospermia, sperm mitochon-
dria can be functionally active and present a
high MMP in a large number of cells. There-
fore, the low sperm motility does not neces-
sarily result from energetic disturbances of
sperm mitochondria, but may instead be as-
sociated with deformations of the mitochondri-
al sheath containing functional mitochondria
[66].

Because of the complexity of the problem, the
goal of developing assays that accurately pre-
dict the fertilization capacity of semen samples
has not yet been achieved. The percentage of
motile sperm in a clinical sample is the most
commonly used measure to evaluate semen
quality, but that measure is not highly correlat-
ed with the fertilization capacity of semen sam-
ples. New laboratory assays are being devel-
oped to evaluate the fertilization ability of
sperm. It is possible to obtain a better predic-
tion of the fertilizing potential of a semen sam-
ple by using data from multiple sperm assays.
Any laboratory measuring a single sperm attri-
bute, motility for example, will produce results
that do not correlate well with fertility, leading
to failure of assisted reproductive techniqu-
es such as IVF and intracytoplasmic sperm
injection.

TPE-Ph-In specifically targets mitochondria and
has low cytotoxicity and high photostability,
suggesting that it can be useful for bioimaging
applications. Even after continuous irradiation,
TPE-Ph-In could still easily penetrate cells and
give stable fluorescence, making it an ideal
candidate for biological applications requiring a
long time. The turn-on signature of AlEgens is
still not fully developed for in vivo applications,
because most previous studies of AlEgens we-
re performed in vitro, and the in vivo environ-
ment is much more complex. It is urgent to
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make full use of the AIE mechanism for in vivo
applications, especially in the clinical setting.

TPE-Ph-In contains a phenyl ring and has a
strong AIE effect and good biocompatibility.
Because of its cationic and lipophilic features,
TPE-Ph-In localizes in the mitochondria in sev-
eral cell lines and is sensitive to changes in the
MMP, potentially making it widely useful to
many biological and medical fields. Without
the interference caused by the concentration-
quenching problem, the fluorescence signal of
TPE-Ph-In can directly represent the MMP. Our
in situ application of TPE-Ph-In to detect the
MMP in multiplexed detection assays using
confocal microscopy and flow cytometry analy-
sis produced results in agreement with those
of conventional semen tests, demonstrating its
great potential for probing and tracing the
MMP and evaluating sperm vitality. Further-
more, we successfully developed a novel assay
employing TPE-Ph-In to monitor sperm quality
in a fluorescence “turn-on” manner. The assay
is a simple and economical method for sperm
quantification in agueous media. The fluores-
cence signal approached a steady value after
about 60 min. The quantification of sperm was
highly sensitive. The system showed little re-
sponse to various potential interfering sub-
stances and could still detect I-lactate with
high sensitivity in systems with high protein
content, although minor correction using a new
calibration was necessary. Our high-throughput
method can be performed with a commercially
available setup and can be carried out continu-
ously with volumes of semen as low as 120 pL.
Furthermore, we used TPE-Ph-In to analyze mi-
tochondrial dynamics in maturing oocytes. Th-
us, our method permits the examination of
the pathophysiology of mitochondria in oocytes
from patients with infertility. As mitochondria
and oxidative stress have been postulated to
underlie pathogenesis in a wide variety of ce-
lls, including oocytes, our method also permits
studies of the mechanism by which other ma-
turation failures are increased during meiotic
maturation and aging of mammalian oocytes.
Further investigation should be carried out to
support eventual clinical trials using TPE-Ph-In
as an agent to assist IVF. Moreover, TPE-Ph-In
might also be used to indicate the increased
MMP common in tumor cells or the decreased
MMP in apoptotic cells for drug screening.
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Materials and methods

Reagents

Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), and phosphate buff-
ered saline (PBS) were purchased from Hyclone.
Penicillin and streptomycin were purchased
from Solarbio. Na,HPO,, citrate acid, and KCl
were purchased from Sinoreagent. TPE-Ph-In
was kindly donated by AlEgen Biotech. All aque-
ous solutions for photoluminescence measure-
ments and staining were prepared by adding an
aliquot of DMSO stock solution containing 10
mM TPE-Ph-In into the aqueous buffers.

Patients

From April 2019 to May 2019, we recruited 36
male patients from the Reproductive Medical
Centre, Renmin Hospital of Wuhan University.
Four abandoned oocytes were also obtained
from the same institution. All experiments in
this study were approved by the Ethic Commit-
tee of Life Science of Renmin Hospital, Wuhan
University. All experiments were performed in
accordance with relevant guidelines and regu-
lations of the Ethic Committee of Life Science
of Renmin Hospital of Wuhan University. We
received agreement, permission, informed and
signed consent from all patients included in the
present study. Information regarding the sperm
samples from the 36 study participants is sum-
marized in Table S1. The detailed clinical diag-
noses of the participants are listed in the sup-
plementary data.

Clinical semen analysis

Semen samples were collected by masturba-
tion after 2-7 days of sexual abstinence. Each
semen sample was liquefied for 30 min at 37°C
before sample preparations. Manual semen
analysis was performed at 37°C within 30 min
of collection. The sperm concentration was
obtained by counting immobilized sperm with
a hemocytometer. The volume, pH, and sper-
matozoa concentration and motility of the sam-
ples were assessed according to World Health
Organization guidelines using a computer-as-
sisted semen analyzer (Weili Company, Bei-
jing, China). Motility was estimated on a 37°C
microscope stage with the use of a semen wet
mount on a covered slide. The motility mea-
surements included the percentage motility,
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the percentage of sperm with forward progres-
sion, and qualitative assessment of the pro-
gressive motility score as: 1, sluggish; 2, slow;
3, good; or 4, vigorous/rapid. Morphology was
also assessed.

Germ cell pretreatment

Sperm cells were isolated by density gradient
centrifugation. SpermGrad with G-IVF PLUS (vit-
rolife, 10136) was prepared 90% and 45%
each in 10 ml, mixed wells and stored in a 15
mL sterile non-toxic centrifuge tube. The two
gradients were equilibrated for 0.5 h at 37°C
and 6% CO,. Then, 400 pL of the 90% gradient
was added to a 1.5 mL conical centrifuge tube,
400 L of the 45% gradient was slowly added
as the upper layer, and finally a 400 pL semen
sample was added to the top layer. The sample
was centrifuged at 300 g at room temperature
for 10 min, the two liquid upper layers were
carefully removed, and the sperm deposit was
transferred to 400 uL equilibrium G-IVF PLUS
containing 0.4 yL TPE-Ph-In and 0.4 uL Hoechst
33342. The suspension was then mixed well
and allowed to stain at 37°C for 30 min.

The oocytes were washed with DMEM and
stained with 500 pyL of 10 yM TPE-Ph-In at
37°C for 30 min.

Sperm physiological detection after staining

After staining, the physical condition of the
sperm, including their general status, activity,
and other properties, was observed using an
OLYMPUS DMR inverted microscope. The same
procedures were also performed on a blank
control.

Cell culture

Hela (Cat. No. CCL-2, ATCC) and HCT 116 (Cat.
No. CCL-247, ATCC) cells were routinely main-
tained in DMEM supplemented with 10% FBS
and antibiotics (100 units/mL penicillin and
100 g/mL streptomycin) in a 5% CO, incubator
at 37°C.

Staining of live cells

One day before the staining experiment, HelLa
and HCT 116 cells were seeded into glass-bot-
tom Petri dishes. The cells were cultured in the
Petri dishes overnight in DMEM supplemented
with 10% FBS without penicillin and streptomy-
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cin and then examined by confocal microscopy
at approximately 70-80% confluence. As a con-
trol, we obtained a semen sample from an indi-
vidual with normal fertility. We added TPE-Ph-In
(1:1,000) to 200 uL semen and tested the sam-
ple by flow cytometry. We also performed flow
cytometry on a 200 pL sample of semen with-
out TPE-Ph-In staining. For TPE-Ph-In staining,
we prepared a 10 mM TPE-Ph-In stock soluti-
on in DMSO. Before confocal microscopy, we
added the appropriate volume of TPE-Ph-In
stock solution directly into the samples. Once
the staining was completed, the coverslip with
stained live cells was washed twice in 1 x HBSS
and examined by confocal microscopy.

We stained live sperm cells with 10 yM TPE-Ph-
In in the culture medium. After incubation for
0.5 h at 37°C, we washed the cells three times
with PBS. Then, we transferred the cells to
medium containing 1 yM Hoechst 33342 and
incubated them for 0.5 h. For TPE-Ph-In fluores-
cence imaging, a 63 x oil immersion objective
lens was used with an Argon laser at 40%
power to excite the TPE-Ph-In at wavelength =
561 nm. For TPE-Ph-In fluorescence imaging
with oocytes, a 20 x oil immersion objective
lens was used. A blank sample containing cells
without the addition of TPE-Ph-In was used to
adjust the emission wavelength, gains, and
smart offset so that no autofluorescence was
detected under the imaging conditions. The
scanning resolution used was 2048 x 2048.

Cytotoxicity evaluated by MTT assay

The viability of the cells was determined by MTT
assay with absorbance at 560 nm detected
using a Thermo Scientific Multiscan FC. Five
thousand cells were seeded per well on a
96-well plate. After overnight culture, various
concentrations of TPE-Ph-In were added onto
the 96-well plate. After 0.5 h, 1 h, or 1.5 h of
treatment, 10 yL MTT solution (5 mg/mL in
phosphate buffer solution) was added into the
each well. After 4 h incubation at 37°C, 150 pL
DMSO was added into each well to dissolve the
formazan crystals. Complete dissolution was
achieved by shaking for 15 min. The absor-
bance of each well was measured at 560 nm
using a plate reader. Four replicate wells were
used for each concentration.

Flow cytometry for fluorescence intensity

Flow cytometry to measure fluorescence inten-
sity was applied using a BD FACSAria Ill (USA).
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Two milliliters PBS was added to the sperm
suspension after staining. The suspension was
then filtered and checked on the machine. The
instrument was calibrated with non-treated
cells (negative control) to identify viable cells,
and the cells were then analyzed by a fluores-
cence scan performed with 1.5 x 108 cells
using the FL1-H channel.

Multiplexed imaging of patients’ sperm
samples

Multiplexed imaging of Hoechst 33342 and
TPE-Ph-In signals in live cells was performed
using a red channel (TPE-Ph-In) with an excita-
tion wavelength of 488 nm and an emission
wavelength of 551-656 nm and a blue channel
(Hoechst 33342) with an excitation waveleng-
th of 488 nm and an emission wavelength of
410-501 nm. Patients’ sperm cells were st-
ained with 5 uM TPE-Ph-In for 1 h, followed by
staining with 1 yM Hoechst 33342 for 10 min.
The cells were visualized using a confocal mi-
croscope (Zeiss Laser Scanning Confocal Mic-
roscope; LSM880) with the ZEN 2009 software
(Carl Zeiss). TPE-Ph-In and Hoechst 33342
were excited at 561 nm and 488 488 nm, re-
spectively. The fluorescence was collected at
551-638 nm for TPE-Ph-In and 447-497 nm for
Hoechst 33342.

Photoluminescence measurement

After pretreatment, the patients’ sperm cells
were stained with 10 yM TPE-Ph-In for 0.5 h
and with 1 yM Hoechst 33342 for 10 min at
37°C. The solutions were then added to Corn-
ing S Costar 96-Well Black-Bottom Plates
(100 pL/well). Photoluminescence spectra we-
re recorded using the Molecular Devices
SpectraMax i3x Multi-ModeMicroplate Detec-
tion System.

Cell counterstaining and colocalization study

We used MitoTracker Green, a widely used
mitochondria-localizing dye, to investigate lo-
calization in the mitochondria. We first stained
Hela cells with 10 uM TPE-Ph-In for 0.5 h. Next,
we washed the cells twice in PBS, incubated
them with 5 uM MitoTracker Green for another
45 min, and washed them twice again. We per-
formed cellular fixation and nuclear staining
using conventional procedures. We visualized
the counterstained cells using a confocal mi-
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croscope (Zeiss Laser Scanning Confocal Mic-
roscope; LSM880) and the ZEN 2009 software
(Carl Zeiss). TPE-Ph-In and Hoechst 33342
were excited at 561 nm and 488 nm, respec-
tively. The fluorescence was collected at 551-
638 nm for TPE-Ph-In, 447-497 nm for Hoe-
chst 33342, and 570-630 nm for MitoTracker
Green.

Photostability study of TPE-Ph-In in sperm cells

We investigated the photostability of TPE-Ph-In
using continuous scanning by confocal micro-
scope with the following parameters: Time-
Lapse imaging mode, continuous imaging of
stained cells at a similar slice, cycling time of
10 s, interval time of 40 s, and total time of
cycling of 360 s. We obtained and co-condu-
cted four images of the same channel. The
Image) software and related plug-ins were
used for semi-quantitative analysis of the fluo-
rescence intensity.

Image analysis

For confocal imaging of Hoechst 33342, the
single-channel raw images were exported in
“tiff” format. Using ImagelJ, the background of
the image from the fluorescence channel was
calculated using the “Gaussian Blur”, “Minimum
Filter”, and “Maximum Filter” function and then
subtracted from the original image using
“image calculator”. The background-subtracted
image was then subjected to “threshold” set-
ting and “watershed” adjustment before the
“analyze particle” function was employed. The
results from the “analyze particle” function
include the lipid droplet number and size. The
data from each image were exported into a
spreadsheet for statistical analysis.

For confocal imaging of TPE-Ph-In, the single-
channel raw images were exported in “tiff” for-
mat. In Imagel, the “Huang” algorithm was
used to set the “threshold” for the exported
image of the fluorescence channel, and fluores-
cence intensity measurement was performed
using the “Measure” function. The “Mean gray
value” was exported to a spreadsheet for sta-
tistical analysis.

Statistical analysis

The lipid droplet number, cell size, and MMP
intensity values were expressed as the mean
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value * standard deviation (SD). Statistical
analysis was performed using an ANOVA for
different groups of measurements. Compa-
risons with P < 0.05 were considered to be
significant.
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Figure S1. Imaging of stained cells and quantification of fluorescence intensity. A. Co-localization of TPE-Ph-In and
MitoTracker Green in Hela cells (excitation wavelength: 561 nm; emission wavelength: red channel 596-663 nm,
green channel 478-572 nm). B. Cytotoxicity of TPE-Ph-In evaluated on HelLa and HCT 116 cells by MTT assay at
0.5 h, 1 h, and 1.5 h, each sample with 6 replicates. C. Declining TPE-Ph-In staining intensity indicating changes
in mitochondrial membrane potential after carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (20 mM) treatment
for used to treat HeLa and HCT 116 cells. The results are from one experiment representative of two similar experi-
ments. (Excitation wavelength: 561 nm; emission wavelength: 596-663 nm). Scale bar = 20 uym. Left: Hela cells:
a-c. Hela cells stained with TPE-Ph-In (red; photoluminescence = 35.160). d-f. HelLa cells treated with carbonyl
cyanide 3-chlorophenylhydrazone CCCP (20 mM) for 0.5 h and then stained with TPE-Ph-In (red). g-i. HelLa cells
treated with carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (20 mM) for 1 h and then stained with TPE-Ph-In
(red). The membrane potential decreased, and the red fluorescence weakened almost to disappearance (photo-
luminescence = 7.398). Right: HCT 116 cells: a-c. HCT 116 cells stained with TPE-Ph-In (red; photoluminescence
=50.315). d-f. HCT 116 cells treated with carbonyl cyanide 3-chlorophenylhydrazone CCCP (20 mM) for 0.5 h and
then stained with TPE-Ph-In (red). g-i. HCT 116 cells treated with carbonyl cyanide 3-chlorophenylhydrazone CCCP
(20 mM) for 1 h and then stained with TPE-Ph-In (red). The membrane potential decreased, and the red fluores-
cence weakened almost to disappearance (photoluminescence = 8.243).
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Figure S2. Fluorescence images of sperm 0 s, 120 s, 240 s, and 360 s after staining with TPE-Ph-In. Excitation
wavelength: 561 nm, emission wavelength: 596-663 nm.
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Table S1. Sperm characteristics of patients before/after
imaging with Tpe-Ph-In

Sperm Before After
Progressive (PR) motilityin neat semen (%) 585 58.6
Non-Progressive (NP) motility in neat semen (%) 27.7 235
RP+NP (%) 85.7 821
Forward motility (a) (%) 21.2 264
Forward motility (b) (%) 373 325

The entire clinical value blow was obtained fromdeo Renmin Hospital
of Wuhan University.



