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Abstract Oligoasthenospermia is the primary cause of infertility. However, there are still enormous chal-

lenges in the screening of critical candidates and targets of oligoasthenospermia owing to its complex mech-

anism. In this study, stem cell factor (SCF), c-kit, and transient receptor potential vanilloid 1 (TRPV1)

biosensors were successfully established and applied to studying apoptosis and autophagy mechanisms. Inter-

estingly, the detection limit reached 2.787 � 10�15 g/L, and the quantitative limit reached 1.0 � 10�13 g/L.

Furthermore, biosensors were used to investigate the interplay between autophagy and apoptosis. Schisandrin

A is an excellent candidate to form a system with c-kit similar to SCF/c-kit with a detection constant (KD) of

5.701 � 10�11 mol/L, whereas it had no affinity for SCF. In addition, it also inhibited autophagy in oli-

goasthenospermia through antagonizing TRPV1 with a KD of up to 4.181 � 10�10 mol/L. In addition,

in vivo and in vitro experiments were highly consistent with the biosensor. In summary, high-potency schi-

sandrin A and two potential targets were identified, through which schisandrin A could reverse the apoptosis
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caused by excessive autophagy during oligoasthenospermia. Our study provides promising insights into the

discovery of effective compounds and potential targets via a well-established in vitro-in vivo strategy.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The World Health Organization (WHO) estimates that 60 to 80
million couples are affected by infertility. In recent years, male
infertility has increased significantly, accounting for 40%e50%
of cases of infertility1. The most common cause of male infer-
tility is decreased semen quality2,3 with oligospermia and
asthenospermia accounting for 58%e64% of these cases4e6. The
Huangjing Zanyu capsule (New Drug Certificate: Z20010103)
developed by us early, is the first national new drug of Chinese
materia medica (CMM) for the treatment of male infertility in
China. Since its listing in 2005, it has been proven to have a
remarkable effect on male infertility caused by oligoastheno-
spermia and has been applied in over 1000 hospitals in 18
provinces and cities. Small molecules from CMM have been
considered as candidates and critical quality attributes (CQAs).
Exploring the active substances in CMM is essential for under-
standing its mechanism. And vice versa, active substances in
CMM with clear clinical efficacy are essential for innovative
pharmaceutical development7e9. Artemisinin10,11 and icaritin12,
which have been developed as novel drugs, are two typical ex-
amples. Previous studies have shown that schisandrin A is an
essential and curative CQA of Huangjing Zanyu Capsules based
on serum pharmacochemistry analysis13. Schisandrin A is an
essential CQA that modulates cell growth, differentiation, and
fate determination under pathophysiological circumstances14,15.
Therefore, we hypothesized that schisandrin A is the vital sub-
stance of Huangjing Zanyu Capsules for the treatment of oli-
goasthenospermia. However, the biological mechanisms have not
yet been clearly explained.

Increasing evidence has linked oligoasthenospermia to auto-
phagy and apoptosis. The regulation of apoptosis during cell death
is unidirectional and is induced by intra- or intercellular mecha-
nisms16. It can actively remove aging and abnormal cells in the
body serving as a “scavenger”17,18. It is clear that the intracellular
apoptosis signal typically activates the mitochondrial pathway,
stimulating the activation of BH3-only protein to bind to B-cell
lymphoma-2 (Bcl-2), and Bcl-2 assaciated X protein (Bax)/Bax to
aggregate to the mitochondrial membrane19,20. Simultaneously,
SCF/c-kit is closely related to the apoptosis of spermatogenic
cells21e23. The SCF/c-kit signaling system plays a critical role in
oligoasthenospermia24e28. Apoptosis-induced cell death is deci-
sive; however, the impact of autophagy on cell death varies29.
Autophagy and apoptosis share multiple regulatory proteins30,31.
The complex interplay between them is significant for patho-
physiology32,33. The interplay between autophagy and apoptosis
influences the clearance of dysregulated cells as well as the
occurrence and aggravation of some diseases34,35. Ca2þ is a sig-
nificant regulator of autophagy and apoptosis36. Transient receptor
potential vanilloid (TRPV) channels are highly Ca2þ-selective and
play a vital role in regulating autophagy signaling37e39. Numerous
studies have shown that TRPV can promote autophagy signaling
by producing Ca2þ to inhibit Akt. Additionally, TRPV1 is a
critical regulatory protein that cooperates with autophagy and
apoptosis machineries40,41. Genetic deletion of TRPV1 results in
increased basal levels of p62 as well as defective autophagic re-
sponses to mTOR inhibitors and the autophagy inducer rapamy-
cin42. This indicates that disruption of the balance between
autophagy and apoptosis has significant pathophysiological
consequences.

However, the relationship between autophagy and apoptosis in
oligoasthenospermia is not well defined. Various biochemical and
morphological methods have been used in autophagy and
apoptosis investigation43. Specifically, biochemical methods are
unsuitable for rapid analysis. Additionally, morphological
methods remain indispensable; however, they are neither facile
nor time effective44e46. This suggests that the current bottleneck
in the study of the relationship between autophagy and apoptosis
lies in the real-time monitoring47. Therefore, a biosensor platform
is an excellent choice. Typical commonly used research option is
an alternative monitoring biosensor system for autophagy, which
characterizes an assay based on the two-photon fluorescent
biosensor48. The microfluidic chip (MC) device is another
emerging technology favored for real-time monitoring of auto-
phagy and apoptosis because of its three-dimensional (3D) envi-
ronment suitable for cell co-culture49,50. In recent years, wide
band gap IIIeV group semiconductor materials, such as GaAs,
have emerged as promising candidates for biosensing applica-
tions51,52. The main advantage of IIIeV-based materials is their
ability to resist harsh chemical environments (acidic or alkaline)53,
leading to enhanced sensor stability and reliability, such as in high
electron mobility transistors (HEMT)54. Moreover, they have a
spontaneous polarization field and piezoelectric polarization field,
which forms a deep potential well at the interface. Surrounded
electrons are confined to this well and form a high density of two-
dimensional electron gas (2DEG)55. The 2DEG channel is highly
sensitive to the surface charge distribution, which determines its
ultrahigh sensitivity and applicability in complex systems54. Un-
like conventional field-effect transistor (FET) sensors, in the gated
HEMT structure, biomolecular receptors are immobilized on a
gold gate electrode separated from the active region of the HEMT
device56.

In the present study, a high-sensitivity HEMT device was
introduced to establish the SCF/c-kit biosensor and then applied
creatively to the investigation of the apoptosis mechanism of
schisandrin A intervention in oligoasthenospermia. Furthermore, a
TRPV1 biosensor was constructed to explore the interplay be-
tween autophagy and apoptosis of schisandrin A intervention in

http://creativecommons.org/licenses/by-nc-nd/4.0/
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oligoasthenospermia. Finally, the in vitro and in vivo mechanisms
were explored to further support that schisandrin A regulates
autophagy and apoptosis in oligoasthenospermia. These bio-
sensors can be used as promising tools for mechanistic investi-
gation, providing efficient potential targets and candidates for
oligoasthenospermia.

2. Materials and methods

2.1. Instruments and reagents

Schisandrin A (lot: PS000928) was purchased from BioRuler Corp
(CT, USA). CMC-Na (lot: L13M8G35918) was obtained from
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Methanol
was purchased from Thermo Fisher Scientific Corp (MA, USA).
Glucoside tripterygium wilfordine (GTW) and cyclophosphamide
(ACR) were purchased from Shanghai Fudan Fuhua Pharmaceu-
tical Co., Ltd. (Shanghai, China). Levocarnitine (lot: 01,161,202)
was obtained from Merro Pharmaceutical Co., Ltd. (Dalian,
China). Anhydrous ethanol, formaldehyde, glacial acetic acid,
toluene, hematoxylin dye solution, eosmium tetroxide, acetone,
hydrochloric acid, resin, and sodium hydroxide were purchased
from the Beijing Chemical Works (Beijing, China). SCF protein
and c-kit protein were provided by Zhongnongboxin Technology
Co., Ltd. (Beijing, China). TRPV1 protein was provided by
Shenzhen Crystalo Biopharmaceutical Co., Ltd. (Shenzhen,
China).

2.2. Animal modeling and intervention for the autophagy and
apoptosis mechanism exploration of schisandrin A

Fifty male SD rats (SPF, 170e190 g) obtained from Sibeifu
(Beijing) Biotechnology Co., Ltd. (Certification No. SCXK-Jing-
2011-0004) were housed in the Experimental Animal Center of
Beijing University of Chinese Medicine (BUCM) (temperature at
22e24 �C and humidity at 52%e56%) with standard chow and
water and 12 h light/dark cycle. Fifty rats were divided into four
groups randomly as follows: 15 rats each were in the normal
control (NS) and model (GTW)57,58 groups and 10 each were in
the levocarnitine group (Levo)59,60 and schisandrin A group
(WWZ). Among them, schisandrin A was the vital CQA of
Huangjing Zanyu capsule (New Drug Certificate: Z20010103)
identified by ultra-performance liquid chromatography with
electrospray tandem mass spectrometry (UPLCeMS/MS) (Sup-
porting Information). The specific dosing regimen of each group
and the protocol for sperm quality examination61 was placed on
the Supporting Information.

The animal experiments have been approved by the ethical
committee of BUCM (No. BUCM-4-2019112502-4067). All an-
imal experiments were performed in accordance with relevant
guidelines and regulations.

2.3. Cell culture, grouping and intervention for the autophagy
and apoptosis mechanism exploration of schisandrin A

Spd2 cells were cultured in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% Pen/Strep and grown in culture flasks (Corning) at 37 �C in a
humidified 5% CO2 atmosphere. The cell model was established
by adding 1 mmol/L acrolein (ACR) into the culture medium58,62.
The intervention was performed by giving 5, 10, 20 mmol/L of
schisandrin A respectively after 3 h of modeling. After 48 h of
intervention, the cells were carefully scraped off and collected into
EP tubes for subsequent experiments. According to the instruc-
tion, CCK8 assay (CWBio, China) was performed to evaluate the
vitality of cells.

2.4. The development of SCF, c-kit, and TRPV1 AlGaAs/GaAs
HEMT biosensors

The AlGaAs/GaAs HEMT chip in this study was constructed by
molecular beam epitaxy (MBE) on the GaAs substrate. Specif-
ically, a 500 nm GaAs buffer layer was used as the foundation.
Subsequently, a 15 nm In0.3Ga0.7As channel layer, a 4 nm
Al0.3Ga0.7As spacer layer, a Si d-doping layer, a 25 nm
Al0.3Ga0.7As barrier layer and a 30 nm GaAs cap layers was put
on layer by layer. Then, a self-assembled monolayer was con-
structed by 0.1 mol/L 3-mercaptopropionic acid (3-MPA) for 24 h
to format a layer of AueS bonding on the Au surface of the
HEMT sensor. A mixture of equivoluminal 20 mmol/L 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
and 50 mmol/L N-hydroxysuccinimide (NHS) was used to activate
carboxyl of 3-MPA for 15 min. Finally, 100 mg/mL SCF, c-kit, or
TRPV1 protein were incubated on the chip at 4 �C.

Scanning electron microscope (SEM) was applied to determine
the immobilization of proteins. The drain-source current (IDS-VDS)
was measured by ChI660E. The voltage was set as 2.0 V and the
sampling rate as 10 ns? Bovine serum albumin (BSA) was
introduced as control group to explore the interaction between
SCF and c-kit. Furthermore, the ferulic acid was used as a nega-
tive control for the interaction between schsandrin A and c-kit.
Moreover, according to the previous algorithms and investiga-
tion54, the detection limit (DL), quantitation limit (QL), detection
range, and specificity of biosensors were explored.

2.5. Autophagy and apoptosis mechanism exploration of
schisandrin A by SCF, c-kit, and TRPV1 HEMT biosensors

Eleven concentrations of schisandrin A ranging from 0.1 pmol/L
to 1.0 mmol/L were measured by the biosensors functionalized by
SCF, c-kit, and TRPV1 respectively. 0.1 mol/L phosphate-buffered
saline (PBS) solution was used as the control. Each test was
repeated three times. Furthermore, the KD was calculated ac-
cording to Eqs. (1)e(3) 63. Simultaneously, the interaction be-
tween SCF and c-kit was implemented by the c-kit HEMT
biosensor.
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where K is the equilibrium constant for Eq. (1). KA is the asso-
ciation constant, and KD is the dissociation constant. [Ab] is the
concentration of the unbound antibody (c-kit) immobilized on the
sensor surface. [Ag] is the component concentration (recorded as
C ). [AbeAg] is the concentration of the antibodyecomponent
complex on the sensor surface. DI is the current change. The
expression of DI was DI Z IeI0, in which, I0 was the current
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generated by the blank solution and I was the current generated by
the sample solution. DImax is the saturated current change.

2.6. Molecular docking for in vitro validation of apoptosis and
autophagy of schisandrin A on SCF/c-kit and TRPV1

The protein crystal structure files of the c-kit and TRPV1 were
downloaded from Protein Data Bank (PDB). The crystal structure
with higher resolution and corresponding bioactive ligands is
preferred. The clean protein tool in Discovery Studio 2.5 (DS 2.5,
Accelrys Inc., CA, USA) was used to prepare the protein,
including deletion of the ligand, water molecules, and redundant
protein conformation, completing incomplete residues, hydroge-
nating, and allocating related charges.

After the original ligand is taken out, it is redocked into the
active pocket. If the root means square deviation (RMSD) is less
than or equal to 2, it means that the related parameters can simulate
the binding mode of the ligand and the protein, which could be used
as the active pocket for further binding tests. Operation analysis tool
was used to process docking results. Libdockscore was calculated to
evaluate the best docking pose.

2.7. Western blotting and real-time PCR (RT-PCR) for further
investigation of apoptosis and autophagy of schisandrin A on
SCF/c-kit and TRPV1

0.5 mL radio-immunoprecipitation assay (RIPA) lysate containing
protease inhibitor was added to 100 mg vibrated testicular tissue
or 1 � 105 cells. The mixture was centrifuged (4 �C, 12,000 rpm,
15 min) to obtain the protein supernatant. The protein concen-
tration was determined using commercial bicinchoninic acid assay
(BCA) kits and then diluted to 10 mg/mL. The protein was isolated
by 12% sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) electrophoresis and transferred to poly-
vinylidene difluoride (PVDF) membrane, blocked with skim milk
for 2 h, and reacted with GAPDH antibody (Sungene Biotech,
Tianjin, China) at 4 �C overnight, then goat anti-mouse & goat
anti-rabbit antibodies (Jackson ImmunoResearch, PA, USA) for
1 h. After incubated with ECL colorant solution for 30 s, a digital
gel image analysis system was used to take pictures and Image J
software was used to calculate the gray value.

Total RNA was extracted from the testicular tissues of rats in
each group, and the RNA quality was confirmed by spectropho-
tometry and agarose gel electrophoresis methods. DNA
was removed from the RNA samples, and cDNAwas generated by
reverse transcription. PCR instrument was used for amplification,
and RT-PCR reaction was conducted with a program of 95 �C
pre-degeneration for 5 min, 95 �C for 15 s then 60 �C for 30 s for 40
cycles. Primers are shown in Supporting Information Table S2.

2.8. Statistical analysis

The results were expressed as mean � SD. Statistical analyses
were performed using SPSS13.0 (SPSS Inc., Chicago, IL, USA).
One-way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison tests was used to compare differences among
groups of samples. One-way ANOVA followed by student’s t-test
was used to evaluate biosensor performance. P < 0.05 was
considered statistical significance, and P < 0.01 denoted very
significant. Data analysis was performed on SPSS 20 (IBM, USA),
SIMCA 14.1 (Umetrics, Sweden), and MATLAB R2016a
(American Math Works).
3. Results and discussion

3.1. Superior efficacy of schisandrin A on testicular interstitial
cells, sperm quality, and testicular tissue

3.1.1. Superior efficacy of schisandrin A on sperm quality and
testicular tissue
Critical quality attribute (CQA) is a physical, chemical, biological,
or microbiological property or characteristic that should be within
an appropriate limit, range, and/or distribution to ensure desired
product quality. CQAs proposed by the US Food and Drug
Administration are generally associated with drug substances,
excipients, intermediates (in-process materials), and drug prod-
ucts. Previous research has shown that schisandrin A is an
essential and effective CQA of Huangjing Zanyu Capsules using
serum medicinal chemistry analysis13 (Supporting Information
Fig. S1 and Table S3).

The effects of schisandrin A on model animals are shown in
Fig. 1. Fig. 1A shows the pathological analysis of testicular tissues
of five groups: normal, control (GTW), levocarnitine, Huangjing
Zanyu Capsules (HJZY), and schisandrin A. In the section photos
shown in Fig. 1A, spermatogonia cells were arranged in a regular
order, with a large number and good structure (Fig. 1A (a4) (a5)
(a9), and (a10)), which improved significantly compared with the
model group (Fig. 1 (a2) and (a7)). Supporting Information Table
S4 shows lesion grading and average scores. The above patho-
logical analysis of testicular tissues indicates that schisandrin A
significantly improved testicular lesions in model animals.

3.1.2. Superior efficacy of schisandrin A on testicular interstitial
cells
Fig. 1C showed the effect of schisandrin A sperm quality. Fig. 1B
(b1) shows the superior efficacy of schisandrin A on testicular
interstitial cells. Schisandrin A of 10e40 mmol/L promoted pro-
liferation of testicular interstitial cells, with the best effect
observed at 10 mmol/L. Based on this, we believe that schisandrin
A plays an important role in the regulation of reproductive func-
tion. Therefore, in-depth animal model experiments were con-
ducted to clarify its action in vivo. The number of grades A nearly
doubled after the intervention with a medium dose of schisandrin
A (WWZ-M) (Fig. 1B (b2)). From Fig. 1B (b3), the proportion of
grade B sperm increased from 8.52% to 12.51%. In addition,
schisandrin A significantly improved the sperm density from
31.239% to 66.713% (Fig. 1B (b4)). Sperm motility (Fig. 1B (b5))
and viability (Fig. 1B (b6)) were also significantly improved and
nearly tripled. Interestingly, schisandrin A from Huangjing Zanyu
Capsules was more effective than the Huangjing Zanyu Capsules.
In addition, the efficacy of schisandrin A was better than that of
commercial L-carnitine.

In summary, schisandrin A demonstrated a positive effect on the
recovery of diseased testicular tissue, ensuring the production of
more high-quality sperm and easing the symptoms of oligoasthe-
nospermia. Moreover, the above results indicate that the main focus
should be on sperm density, grade A sperm, sperm motility, and
viability between schisandrin A and oligoasthenospermia. These
biological processes are inseparable from autophagy and apoptosis.

3.2. Fabrication and performance of SCF/c-kit biosensors

To elucidate the mechanism of schisandrin A in the treatment of
oligoasthenospermia, the SCF/c-kit system was introduced,
because it is an independent pathway related to the apoptosis of



Figure 1 Superior efficacy of schisandrin A (CQA) on oligoasthenospermia. (A) Pathological sections of rat testis in each group magnified 200

and 400 times, respectively (black arrows pointed to the representative physiological and pathological characteristics). (a1) and (a6), Normal

group; (a2) and (a7), model group by GTW; (a3) and (a8), group of levocarnitine; (a4) and (a9), group of Huangjing Zanyu capsule; (a5) and

(a10), group of schisandrin A. (B) Superior efficacy of schisandrin A on testicular interstitial cells, sperm quality. (b1) Cell viability; (b2) grade A

sperm (%); (b3) grade B sperm (%); (b4) sperm density; (b5) sperm mobility (%); (b6) sperm viability. Note: #P < 0.05 (vs normal group);

*P < 0.05, **P < 0.01, ***P < 0.001 (vs control group).
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spermatogenic cells in oligoasthenospermia. Therefore, a novel
AlGaAs/GaAs HEMT device was developed and applied to the
fabrication of SCF/c-kit biosensors54 (Fig. 2A). Scanning electron
microscopy (SEM) was used to reveal the surface microstructure
of the AlGaAs/GaAs HEMT functionalized with SCF and c-kit.
Fig. 2B shows the microstructure of the self-assembled monolayer
and biosensor. After protein modification, several substances were
visibly distributed on the chip compared to the smooth wafer of
the uncovered chip. The percentages of C, N, and O are shown in
Supporting Information Table S5. The percentage of the C, N, and
O elements gradually increased with the fabrication of the protein
on the chip, especially for c-kit. After c-kit protein modification,
the C content increased from 16.4% to 23.8%, the O element from
5.1% to 15.8%, and the N element from 2.2% to 12.8%, respec-
tively. These shifts were caused by the protein, which mainly
consisted of C, N, and O. In addition, Fig. 2B (b3) shows a sig-
nificant shift after the protein modification. These results indicated
that the protein was successfully modified.
Furthermore, the perfect performance of the biosensors was
characterized using the electrochemical workstation CHI660E, as
summarized in Fig. 2C. Fig. 2C (c1) shows the IDS-VDS results for
the 15 sampling intervals. There was little difference between the
sampling intervals. Thus, given the efficiency and data processing,
0.05 s was determined as the best sampling interval. Similarly, a
sampling interval of 0.1 V/s achieved a better speed (Fig. 2C (c2)).
Given the stability of the biosensor, protein modification time was
optimized. From the IDS-VDS and IDS-T chat shown in Fig. 2C (c3)
and (c4), it can be seen that after 2 h of protein modification, the
biosensor reached a stable signal, and the signal did not change
significantly. Similarly, after 4 min of sampling, the biosensor
reached a relatively stable signal (Fig. 2C (c5)). Therefore, the
modification time of the protein was determined to be 2 h and the
reaction time of the sample was determined to be 4 min. Fig. 2C
(c6) shows the reaction of samples with different concentrations
with a blank chip. Gratifyingly, there was no change, and the RSD
of the IDS-VDS curves was �1.275. Analysis of variance also



Figure 2 Fabrication and performance of SCF/c-kit biosensors. (A) The fabrication protocol of the new generation of SCF and c-kit biosensors.

(B) The results of protein modification. (b1) SEM of Blank HEMT; (b2) SEM of HEMT modified protein; (b3) IDS-VDS shift caused by protein

modification. (C) The parameter optimization and performance of c-kit biosensors. (c1) Sampling interval; (c2) scanning speed; (c3) protein

modification time; (c4) and (c5) sample reaction time; (c6) specificity; (c7) stability; (c8) repeatability; (c9) precision; (c10) the IDS-VDS caused by

tested samples with increasing concentration; (c11) and (c12) the simulated data of 3000 measurements for DL and QL.
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showed that there was no difference between them (Fcrit

(0.05) Z 1.944). Additionally, BSA, as the negative control for
biomacromolecules, barely interacted with c-kit (Supporting In-
formation Fig. S2). Ferulic acid, as the negative control of natural
small component, barely bound to c-kit (Supporting Information
Fig. S3). Together, these findings confirm that biosensors can
achieve strong specificity, which is the pivot of the biosensor.
Fig. 2C (c7) shows the chip stability at 4 �C. It can be seen that the
biosensors maintain good stability within 2 days and can
completely meet the needs of detection. The results of six samples
at the same concentration, which indicated good reproducibility of
the biosensors, are shown in Fig. 2C (c8). The results of six
repeated measurements of the same sample, which indicate perfect
precision, are shown in Fig. 2C (c9). Interestingly, the repeat-
ability and precision of the biosensor were excellent, with an RSD
<0.7, marking a transcendental breakthrough in the mechanistic
exploration of small molecules in complex biological processes.

In addition, based on the false negative error (recorded as a)
and false positive error (recorded as b) theories, the detection
limit (DL) and quantitation limit (QL) of the HEMT biosensor
were defined as follows: Fig. 2C (c10) shows the response of IDS-
VDS caused by the tested samples with increasing concentrations.
Fig. 2C (c11) and (c12) show the simulated data of 3000 mea-
surements for DL and QL. The response mean value of the blank
control was x0, and the variance was s. The 90% confidence
interval of the DL response value (recorded as x1) was
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x1e1.645s e x1þ1.645s. Based on two types of error theories
(a Z 0.05, b Z 0.05), the response value of DL was
x1 Z x0þ3.29s. Correspondingly, the 95% confidence interval of
QL (recorded as x2) was x2e1.96s to x2þ1.96s. The QL
response value x2 Z xminþ3.92s. According to the Fig. 2C (c9),
the response value of the black sample was �0.00281 A, and xmin

was 1.0 � 10�13 mol/L. Therefore, DL was calculated as
2.787 � 10�15 mol/L, and QL was calculated as
1.0 � 10�13 mol/L.

In summary, original HEMT biosensors were successfully
constructed. By extending the gated channel, the DL reached
2.787 � 10�15 g/L and the QL reached 1.0 � 10�13 g/L. In
addition, it achieved a cut-off value of SCF and c-kit low of
0.1 pg/L, while the cut-off values of the commercial kits for SCF
and c-kit were all around 10 pg/mL64. This is mainly attributed to
the high sensitivity of two-dimensional electronic. Highly sensi-
tive two-dimensional electron gases can convert signals for in-
teractions between the substance to be measured and biological
macromolecules without requiring additional labels, thus avoiding
damage to protein activity. Furthermore, compared with classical
HEMT chips, the HEMT used in this study was an extended-gate
HEMT chip. The modification area was increased, so that the
quantitative range of concentration greatly increased from 2 to 3
orders of magnitude to five orders of magnitude (0.1 pg/L to
1.0 ng/L). This was a significant innovation and improvement in
the cutoff value and quantitative detection range.

3.3. Discovery of apoptosis mechanism of schisandrin A on
SCF/c-kit system by HEMT biosensors coupled with in vitro and
in vivo further investigation

3.3.1. Discovery of apoptosis mechanism of schisandrin A on
SCF/c-kit system by HEMT biosensors
3.3.1.1. The interaction between SCF and c-kit. Based on
previous biosensors and clinical samples54, Fig. 3A shows the
protocol for the measurement of SCF and c-kit biosensors. The
shift in IDS-VDS between SCF and c-kit was detected and
generalized in Fig. 3B (a1). There was clear a correlation be-
tween this shift and concentration, which suggested that there
was a concentration-dependent interaction between SCF and c-
kit, causing the shift of the two-dimensional electron gas in the
HEMT devices, which changed the current between the source
and drain. It is worth mentioning that SCF was detected at a
concentration of only 0.1 pg/L. Furthermore, the logarithmically
processed data could clearly show that the shift of IDS-VDS was
linearly related to the logarithm of the concentration, especially
in the range of 0.1 pg/L to 0.1 mg/L (Fig. 3B (a2)). According to
Eq. (3), the KD between SCF and c-kit was calculated to be
KD Z 3.686 � 10�12 pg/L.

3.3.1.2. The interaction between schisandrin A and c-kit or
SCF. Based on the aforementioned method, the IDS-VDS curve
of the interaction between schisandrin A c-kit is shown in Fig. 3B
(b1). It could be seen that the c-kit was immobilized on the
HEMT surface and there was also a concentration dependent
interaction between schisandrin A and c-kit. Furthermore, the
logarithmically processed data showed a good linear correlation
between the shift of IDS-VDS and the logarithm of the concen-
tration, especially in the range of 0.1 pmol/L to 1 nmol/L (Fig. 3B
(a2)). According to the linear fitting relationship between schi-
sandrin A and c-kit, there was a strong interaction between
schisandrin A and c-kit with a KD of 5.701 � 10�11 mol/L. The
same method was used to explore the interaction between schi-
sandrin A and SCF using the SCF HEMT biosensor. Notably, the
result was negative, and there was no interaction between schi-
sandrin A and SCF.

3.3.1.3. The influence of schisandrin A on the interaction be-
tween SCF and c-kit. There was a strong interaction between SCF
and c-kit, such as with schisandrin A and c-kit. However, there was
no interaction between schisandrin A and SCF. The effect of
schisandrin A on the SCF/c-kit system aroused interest. To explore
this, the interaction between c-kit and the SCF and schisandrin A
complex was investigated using a c-kit biosensor. Fig. 3B (c1ec3)
exhibited the influence of different concentrations of SCF on the
interaction between SCF and c-kit in the presence of the same
concentration of schisandra A. Among them (c1) is a series of
curves of IDS-VDS with increasing concentration of the above
mixture (c2) is the linear fitting between the Lg of the above
mixture concentration and DI/I0 (c3) is the linear fitting between the
concentration/DI and the concentration of the above mixture. Ac-
cording to the Eqs. (1)e(3), KD was calculated to be
1.026 � 10�10 mol/L. Simultaneously, the interaction between c-kit
and the mixture consisting of the same concentration of SCF with
different concentrations of schisandra A was further investigated,
and similar results are shown in Fig. 3B (d1ed3). Likewise, KD was
calculated to be 1.357 � 10�10 mol/L. Compared with the KD of
pure SCF and c-kit (3.686 � 10�12 mol/L), the KD between the
mixture and c-kit decreased, which demonstrated that schisandrin A
could interact well with c-kit when the amount of SCF was
insufficient.

Collectively, it was surprisingly discovered that schisandrin A
demonstrated tenacious affinity for c-kit, which was stronger
than that of SCF. SCF can induce stem cells to enter the cell cycle,
which not only promotes stem cell division but also
inhibits apoptosis in vivo. The SCF/c-kit system plays a significant
role in apoptosis, especially in testicular tissue. Therefore, we
put forward a hypothesis that schisandrin A exerts an anti-
apoptotic effect through the SCF/c-kit system. In support of our
hypothesis, in vitro and in vivo validations were performed.

3.3.2. In vitro investigation of apoptosis mechanism of
schisandrin A on SCF/c-kit system using molecular docking
Furthermore, Supporting Information Fig. S4 shows the molecular
docking results of schisandrin A c-kit. It could be seen that
hydrogen bonds could play a significant role in ligand binding.
Hydrophobic bonds were mainly located in the nucleus of flavone.
Compared with hydrogen bonds, hydrophobic interactions were
more possibly involved in the binding process between schisan-
drin A and c-kit. One of the phenolic OH moieties and the vicinal
carbonyl oxygen formed hydrogen bonds with the H atom of
residue c-kit. These results indicated that there was indeed an
interaction between schisandrin A c-kit.

3.3.3. In vivo investigation of apoptosis mechanism of
schisandrin A on SCF/c-kit system by Western blot and RT-PCR
Moreover, Fig. 4A exhibited the TdT-mediated dUTP nick end
labeling (TUNEL) assay results of testicular tissue samples in five
groups, normal control, GTW, and different concentrations of
schisandrin A. We found that GTWmodeling caused an increase in
the level of apoptosis in testicular tissue (Fig. 4A (a2), (a7), and
(a12)), which was reversed by schisandrin A (Fig. 4A (a3)e(a5),
(a8)e(a10), (a13)e(a15)). Simultaneously, Western blotting and
real-time PCR (RT-PCR) were used to validate this hypothesis, and



Figure 3 Discovery of apoptosis mechanism of schisandrin A on SCF/c-kit system. (A) Schematic diagram of interaction results between

schisandrin A and SCF/c-kit biosensors. (B) Interaction results between schisandrin A and SCF/c-kit biosensors by CHI660E and artificial in-

telligence algorithm. (a1)e(d1) IDS-VDS decreases (DI) with increasing concentration (record as C) of SCF, schisandrin A, the complex of SCF

added schisandrin A, the complex of schisandrin A added SCF; (a2)e(d2) The linear fitting between Lg of C and DI/I0 of SCF added schisandrin

A, the complex of schisandrin A added SCF; (a3)e(d3) C/DI versus C of SCF added schisandrin A, the complex of schisandrin A added SCF.
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the results of each group are shown in Fig. 4B. In favor of our
ratiocination, through the intervention of a high dose of schisandrin
A (WWZ-H group), the expression of c-kit protein was nearly
double that of the model group (Fig. 4B (b1)). Compared with the
results of gene expression levels of c-kit in each group, as shown in
Fig. 4B (b2), it can be seen that the expression level of SCF was
increased in the oligoasthenospermia model group, whereas the
middle dosage group of schisandrin A decreased the expression
level. In addition, the gene expression level of SCF protein also
showed a significant upward trend in the schisandrin A group
(Fig. 4B (b3)), but this trend was contrary to the expression level of
its gene (Fig. 4B (b4)). This indicated that both protein expression
and gene expression of SCF were reduced in the oligoastheno-
spermia model group, resulting in a lower amount of the SCF/c-kit
system in vivo and consequently reduced sperm production.

Additionally, Fig. 4C (c1) and (c2) display the schematic dia-
grams of oligoasthenia and asthenospermia. Combined with the
results of the SCF/c-kit biosensors, it can be seen that schisandrin A
interact with c-kit. Notably, the schisandrin A demonstrated tena-
cious affinity for c-kit, which was stronger than that of SCF.
Compared to the normal group, the model group had a higher level
of c-kit, which may be due to the lack of SCF. Fig. 4C (c3) shows a
schematic representation of schisandrin A-modulated oligoasthe-
nospermia. Firstly, excess c-kit on germ cells was occupied by
schisandrin A, after taking schisandrin A. Then, the schisandrin A/
c-kit system which was similar to the SCF/c-kit system was acti-
vated, improving the proliferation and differentiation of germ cells.
Furthermore, as shown in Fig. 4C (c4), FSH secreted by germ cells
increased, which was critical for the differentiation of Sertoli cells
to secrete SCF. In this way, the balance between SCF and c-kit can
be restored to maintain normal differentiation and apoptosis of
germ cells.

Overall, schisandrin A can regulate cell apoptosis through the
SCF/c-kit system. Thus, the above data validate the results of
biosensors that schisandrin A indeed exerted therapeutic effects on
oligoasthenospermia by acting on the SCF/c-kit system, which
regulates the related pathways of apoptosis, as shown in the dia-
gram of anti-apoptotic pathways in Fig. 3A section.

3.4. Discovery of the essential role of schisandra A on the
interplay between autophagy and apoptosis in
oligoasthenospermia

3.4.1. Discovery of the essential role of schisandra A on
autophagy mechanism in oligoasthenospermia by TRPV1
biosensor
The above results unambiguously demonstrated that schisandrin A
exerted an anti-apoptotic effect through SCF/c-kit to restore the
spermatogenesis ability of oligoasthenospermia. However, auto-
phagy and apoptosis often occur in the same cell type, in which
autophagy precedes apoptosis65. In many cases, if the cell com-
mences apoptosis, autophagy can be inactivated66. Essential pro-
teins involved in the autophagic process may promote cell death
by catabolizing organelles or facilitating the activation of
apoptotic67,68. Therefore, we introduced the TRPV1 biosensor to
monitor the complex relationship between autophagy and
apoptosis, focusing on the impact of intersecting signal trans-
duction pathways on oligoasthenospermia.

Fig. 5A shows a schematic representation of the creation and
monitoring of the TRPV1 biosensor. Firstly, Fig. 5B (b1) and (b2)
show the microstructures of the self-assembled monolayer and
the TRPV1 biosensor, respectively. As a result, after protein
modification, more substances were distributed on the chip than
on the uncovered chip. The changes in C, N, and O are sum-
marized in Supporting Information Table S5. The visible per-
centages of C, N, and O gradually increased with the
development of TRPV1. Specifically, the C content increased
from 13.8% to 17%, the O content increased from 5.2% to 9.2%,
and the N content increased from 7.5% to 18.5%. These shifts
were caused by the protein, which mainly consisted of C, N, and
O. These results demonstrated that the TRPV1 biosensor was
successfully fabricated.

Furthermore, using the fabricated TRPV1 biosensor, the
mechanism of action of schisandrin A autophagy in oligoasthe-
nospermia was investigated. Fig. 5C (c1) shows the IDS-VDS re-
sults detected by differential pulse voltammetry (DPV) method.
First, electrochemical signals illustrated that the current decreased
owing to the resistance caused by the TRPV1 protein. Interest-
ingly, the interaction between the TRPV1 biosensor and schisan-
drin A demonstrated a concentration-dependent relationship. The
interaction between schisandrin A and TRPV1 with 11 concen-
tration gradients covering the concentration range of 1010 mol/L
was analyzed and is shown in Fig. 5C (c2) and (c3). It could be
seen that this biosensor could detect schisandrin A of 0.1 pmol/L,
while the quantitative concentration ranged from 1.0 pmol/L up to
0.01 mmol/L. The KD was calculated to be 4.181 � 10�10 mol/L.
This demonstrated that schisandrin A had a strong interaction with
TRPV1. Therefore, we hypothesized that schisandrin A may
affect autophagy and apoptosis in oligoasthenospermia through
TRPV1.

3.4.2. In vivo investigation of schisandra A on the interplay
between autophagy and apoptosis in oligoasthenospermia
Supporting Information Fig. S5 shows the molecular docking re-
sults for schisandrin A and TRPV1. It could be seen that hydrogen
bond, Piealkyl, Unfavorable Bump, and van der Waals forces
could play a significant role in ligand binding, which indicated
that there was indeed interaction between schisandrin A and
TRPV1.

3.4.3. In vivo investigation of schisandra A on the interplay
between autophagy and apoptosis in oligoasthenospermia
Over and above that, in favor of our ratiocination, the expression
of critical downstream proteins of TRPV1 during autophagy and
apoptosis was detected. Fortunately, the expression of these crit-
ical proteins verified this conjecture (Fig. 5D). Schisandrin A
reduced the level of Akt (Fig. 5D (d1)) but increased the level of
phosphorylated Akt (p-Akt) (Fig. 5D (d2)). As shown in Fig. 5D
(d3), the ratio of p-Akt to Akt was significantly elevated. The level
of apoptosis was also increased by modeling. In terms of
apoptosis-related proteins, Fig. 5D (d4) showed that the
expression of Bcl-2 protein in each group of schisandrin A had an
up-regulated trend, illustrating that administration could inhibit
spermatocyte apoptosis. Upregulation of Bcl-2 promotes the
formation of the heterodimer Bcl-2/Bax instead of the homodimer
Bax/Bax, resulting in the reduction of spermatocyte apoptosis. In
addition, Fig. 5D (d5) and (d6) show that schisandrin A slightly
increased the level of MDM2 and decreased the level of p53.

Moreover, LC3B-II, which characterizes the level of auto-
phagy, was highly expressed in the model group, indicating an
excessive state of autophagy (Fig. 5D (d7) and (d8)). Thus, we
speculated that spermatocytes undergo excessive autophagy after
ACR modeling. There was a statistically significant difference in
the high-dose schisandrin A group (P < 0.01). Simultaneously,



Figure 4 (A) TUNEL assay for testicular tissue samples in different groups. (a1)e(a5) The TUNEL assay results of normal control, GTW,

WWZ-L, WWZ-M, and WWZ-H, respectively; (a6)e(a10) The DAPI results of normal control, GTW, WWZ-L, WWZ-M, and WWZ-H,

respectively; (a11)e(a15) The merge charts by TUNEL and DAPI of normal control, GTW, WWZ-L, WWZ-M, and WWZ-H, respectively.

(B) Western blot strip charts and RT-PCR results of SCF and c-kit expression in different groups. (b1) c-kit protein; (b2) c-kit mRNA; (b3) SCF

protein; (b4) SCF mRNA. *P < 0.05 vs NS group; #P < 0.05 vs GTW group in all figures. (C) The schematic diagram of oligoasthenospermia by

schisandrin A. (c1) The schematic diagram of oligoasthenia; and (c2) The schematic diagram of asthenospermia; (c3) The schematic repre-

sentation of schisandrin A modulated oligoasthenospermia; (c4) The schematic diagram of oligoasthenospermia recovery by SCF/c-kit system.
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the levels of Beclin-1, ULK1, and p-ULK1 were investigated,
and are summarized in Fig. 5D (d9)e(d12). As a result, p-ULK1/
ULK1 increased in the schisandrin A group, which indicates that
schisandrin A may reduce excessive autophagy and reduce the
damage of ACR to spermatocytes through the ULK1/mechanistic
target of rapamycin (mTOR) pathway (Fig. 5E). The results of
autophagy-related modeling were shown in the Supporting In-
formation Figs. S6 and S7.
In short, after the action of schisandrin A, which targets TRPV1
and the SCF/c-kit system, the level of p-Akt increased in vivo,
leading to a decrease in the level of MDM2, which inhibits p53
production. This results in the reduction of caspase-3, which in-
hibits apoptosis. The interaction of schisandrin A with TRPV1 and
the SCF/c-kit system could simultaneously increase p-Akt/Akt and
consequently promote mTOR production, which leads to
increased levels of p-ULK1/ULK1 and reduces excessive



Figure 5 The interplay between autophagy and apoptosis in oligoasthenospermia by schisandra A. (A) Schematic diagram of interaction

between schisandrin A and TRPV1 biosensor. (a1) The TRPV1-HEMT biosensor; (a2) The enlarged view of the protein modified area; (a3) The

interaction between schisandrin A and TRPV1-HEMT biosensor; (a4) The detection of interaction between schisandrin A and TRPV1 by

CHI660E. (B) The results of protein modification. (b1) SEM of blank HEMT (b2) SEM of HEMT modified protein. (C) Interaction results

between schisandrin A and TRPV1 by CHI660E and artificial intelligence algorithm. (c1) IDS-VDS regularity decreases with increasing con-

centration of schisandrin A; (c2) The linear fitting between Lg of schisandrin A concentration and (IeI0)/I0; (c3) [Ag]/DI versus [Ag] of schisandrin

A. (D) Western blot strip charts and expression levels of autophagy- and apoptosis-related proteins. (d1) Akt; (d2) p-Akt; (d3) p-Akt/Akt; (d4)

Bcl-2; (d5) MDM2; (d6) p53; (d7) LC3B-II; (d8) LC3B-II/I; (d9) Beclin1; (d10) ULK1; (d11) p-ULK1; (d12) p-ULK1/ULK1. Note: *P < 0.05,

**P < 0.01 (E) The schematic diagram of schisandrin A regulating the interplay of autophagy and apoptosis through TRPV1 and SCF/c-kit

systems.
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autophagy. This indicated that the regulatory effect of schisandrin A
on spermatocyte autophagy and apoptosis for the recovery of oli-
goasthenospermia included the recovery of diseased testicular tis-
sue, ensuring the production of more high-quality sperm, and
easing the symptoms. Furthermore, c-kit and TRPV1 may be two
vital potential targets of schisandrin A in curing
oligoasthenospermia.

In summary, based on their excellent performance, these bio-
sensors were adopted and successfully achieved the interplay
between apoptosis and autophagy to identify potential targets and
effective candidates for oligoasthenospermia. This blazed new
trails for interaction mechanism studies based on biosensors and
avoided the limitations of unilateral studies, compared with
existing unilateral studies of autophagy or apoptosis, which
marked a transcendental breakthrough for the mechanistic
exploration of small molecules in complex biological processes.
4. Conclusions

In this study, three highly sensitive and specific extended-gate
HEMT biosensors were successfully developed and applied to the
investigation of the interplay between apoptosis and autophagy.
By extending the gated channel, the DL of the biosensor reached
2.787 � 10�15 g/L, QL reached 1.0 � 10�13 g/L, the quantitative
range was increased from 2 to 3 orders of magnitude to five orders
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of magnitude (0.1 pg/L to 1.0 ng/L) compared with existing bio-
sensors. This was a significant innovation and improvement in the
cutoff value and quantitative detection range. Based on this, we
determined the interplay between apoptosis and autophagy in
oligoasthenospermia and successfully identified effective candi-
dates and potential targets for the first time, marking a transcen-
dental breakthrough in the strategy for mechanistic exploration of
small molecules in complex biological processes. Future studies
will focus on developing an original biosensor array modified by
multiple receptors to angle CQAs with efficacy in CMM.
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