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Biodegradable nano black phosphorus based
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Dysfunction in a cavernous nerve injury

rat model by recruiting endogenous stem/
progenitor cells
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Abstract

Stem cell (SC) therapy has been shown high prospects in erectile dysfunction (ED) treatment. Without ethical issues
and risks of immune rejection and tumorigenesis of exogenous SC therapy, endogenous stem/progenitor cells (S/
PCs) have a better potential for ED management, and their homing and redistribution are controlled by SDF1-a/
CXCR4 axis. Considering black phosphorus nanosheet (BPNS) has emerged as an efficient and safe drug vehicle
due to its large surface area, biodegradability, and the ability to retain and slowly release its loaded drugs, BPNS is
utilized to load SDF1-q, a chemokine for S/PCs, to construct the BP@SDF1-a complex to efficiently recruit stem cells
(SCs) by injury-site injection and thus ameliorate ED within the bilateral cavernous nerve injury (BCNI) rat models.
We find that BP@SDF1-a can efficiently recruit exogenous SCs and endogenous S/PCs to corpus cavernosum and
main pelvic ganglion (MPG) by local administration. Of note, ascribing to endogenous S/PCs recruitment, it also
successfully alleviates ED in BCNI rat models by enhancing the protein expression levels of a-SMA, CD31, and nNOs,
and eliciting less collagen deposition in the penis after its combined injection at corpus cavernosum and MPG.
Thus, this study provides a new insight into the treatment of ED with endogenous S/PCs.
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Introduction

ED is a major health problem affecting the life quality of
more than 150 million men worldwide, and this number
is predicted to reach approximately 322 million by 2025
[1, 2]. Although substantial advances have been achieved
in the pathophysiological mechanisms of ED, ultimately,
it seems few effective therapies for various clinical cases,
especially for cavernous nerves (CNs) injury related ED
[3-5]. To address this issue, various cutting-edge thera-
peutic strategies have been investigated and one of which
is currently being extensively evaluated is SC therapy [3].
Attracted by various signals released by injured tissues,
such as growth factors and cytokines, SCs can migrate
to the injured tissue [6]. SCs were reported to repair
injured tissues by cell migration, paracrine signaling and
cytokines secretion, immunomodulation, extracellular
matrix production, and differentiation and cell replace-
ment. Their promising capacity to rescue ED was illus-
trated in different animal models with or without the
synergy effects of cytokines or delivery platforms mainly
due to paracrine signaling, cytokines secretion and differ-
entiation of SCs [7, 8]. However, the SCs adopted in the
previous studies were exogenous and their ethical and
regulatory issues, insufficient sources, and potential car-
cinogenicity are major hindrances to their applications
in clinics [9]. However, the endogenous S/PCs resident in

organs and tissues possess the self-healing capability to
repair damaged tissues or organs without the aforemen-
tioned issues, thus, it is an ideal SCs source to alleviate
ED [9].

Numerous studies have shown that endogenous S/PCs
exist in most mammalian tissues, including penile tis-
sues [10]. However, they are scattered in penile tissues
[11], which curbs their regenerative potency for damaged
cavernous tissues. Therefore, it is necessary to explore
an efficient endogenous S/PCs therapy for erectile func-
tion repair. In recent years, the stromal cell-derived fac-
tor 1-a/ C-X-C motif chemokine receptor 4 (SDF1-a /
CXCR4) axis has attracted much attention for its ability
to recruit and redistribute SCs during the repair process
of damaged tissues. SDF1-a exerts its SCs recruitment
function mainly through the interaction with CXCR4, a
significant GTP-coupled transmembrane receptor [12].
Thus, we hypothesize that elevated local concentration
and residence time of SDF1-a could efficiently recruit
endogenous S/PCs to the injured site to boost the regen-
eration of damaged erectile function related tissues.

However, SDF1-a, as a cytokine with a small molecu-
lar weight (8—10 Kd), is easily degraded and destined
to be taken away immediately by blood circulation post
local injection, which limits its supposed function and
application to recruit endogenous S/PCs to injured sites.
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Considering the unique advantages of artificial nanoma-
terials in drug loading and transporting, BPNS was sin-
gled out as an SDF1-a delivery platform in this study on
account of its good biocompatibility, large surface area,
and biodegradability in vivo [13, 14]. In this study, we
constructed a BP@SDF1-a nano-drug delivery system by
loading SDF1-a on the surface of BPNS and then admin-
istered it via corpus cavernosum and MPG local injection
within BCNI rat models. By increasing local concen-
tration and expanding the residence time of SDF1-« in
corpus cavernosum, endogenous S/PCs were efficiently
recruited to repair injured tissues post CNs injury, thus,
improving erectile function. The results showed that BP@
SDF1-a efficiently recruited endogenous S/PCs to corpus
cavernosum in a time-dependent manner by local admin-
istration, and then increased the protein expression levels
of a-SMA, CD31, nNOs, and reduced collagen deposi-
tion in the penis tissue. Finally, BP@SDF1-a administra-
tion improved the erectile function of BCNI rat models.

Results

Construction and characterization of BP@SDF1-a

BPNS was purchased from Shenzhen MOPHOS. Co.,
Ltd. (China) and similar experimental methods were pro-
cessed to synthesize BP@SDF1-a [15]. Briefly, BPNS and
SDF1-a were mixed and incubated at 37 °C for 30 min
for the construction. BP is an ultrathin nanosheet with
a lateral diameter of about 200-400 nm under trans-
mission electron microscopy (TEM) observation and
the morphology and diameter of BPNS had few changes
after loading with SDF1-a (Fig. 1a). Atomic force micros-
copy (AFM) image showed the average lateral diameter
of BPNS and BP@SDF1-a were 233.31 and 432.15 nm,
respectively (Fig. 1b and e). The Zeta Potential of BPNS,
SDF1-a, and BP@SDF1-a were —30.83 mV, 7.89 mV, and
4.54 mV, respectively (Fig. 1c). After loading with SDF1-a,
the hydrated particle size of BPNS increased from 198.7
to 625.8 nm (Fig. 1d). All these results indicated that
SDF1-a was loaded onto the BPNS successfully. To clar-
ify the optimal mass ratio for BP@SDF1-a construction,
gradient experiments with different mass ratios (BPNS /
SDF1-a) of 10:1, 10:5, 10:10, and 10:20 were conducted.
BPNS showed the highest loading efficacy at the mass
ratio of 10:1 and almost all the SDF1-« (around 97.87%)
was loaded onto BPNS (Fig. 1f). To make the most of
SDF1-q, this loading ratio was chosen to construct BP@
SDF1-a for subsequent experiments. The release profile
of SDF1-a from the BP@SDF1-a complex was depicted
by detecting the content of SDF1-a in the supernatant
(ddH,0). A sustained release of SDF1-a was detected
and 50% SDFl1-a was released from BP@SDF1l-a at
around 24 h (Fig. 1g). Furthermore, the stability of BPNS
and BP@SDF1-«a in ddH,O was evaluated (Fig. 1h). BP@
SDF1-a showed a slower degradation process than that
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of BPNS which was possibly attributed to the decreased
oxygen-binding area on the surface of BPNS in the BP@
SDF1-a complex [16].

Isolation and identification of adipose-derived stem cells
(ADSCs)
Recently, mesenchymal stem cells (MSCs) have been
taken as the priority in SC-based treatments in regen-
erative medicine, as they are less immunogenic than
other types of SCs (expressing low VHL) and potenti-
ate to escape from the immune system of the recipients
[17-19]. Notably, ADSCs, a common type of MSCs, have
been widely investigated because of the edge of a wide
range of tissue sources and easy extraction [20]. Hence,
ADSCs were selected in this study to evaluate the abil-
ity of BP@SDF1-« to recruit SCs. ADSCs were extracted
from the perirenal adipose tissues of Sprague Daw-
ley (SD) rats, and the general procedure was shown in
Fig. 2a. Observed with a microscope, isolated cells pre-
sented a spindle shape and vortex arrangement at passage
(P) 4 when they reached about 90% confluence.
(Additional filel: Fig. Sla). To identify the cell pheno-
types, extracted cells at P4 were incubated with different
cell surface markers and detected by a flow cytometer.
The results indicated that these cells were strongly posi-
tive for SCs marker CD29 (97.9%), CD90 (87%), and
CD44 (86.3%), while 99.23% and 98.44% of those cells
were negative for endothelial marker CD31 and hemato-
poietic marker CD45, respectively (Additional filel: Fig.
S1b), which was consistent with the markers of ADSCs
in previous studies [21, 22]. As reported, ADSCs have
the potential to differentiate into neurogenic, osteogenic,
chondrogenic, or adipogenic lineages [23]. Similarly, the
neurogenic differentiation potential of ADSCs was tested
as a previous study described [24]. ADSCs presented with
neuronal-like morphology after being treated with isobu-
tylmethylxanthine (IBMX), indomethacin, and insulin for
2 days (Additional filel: Fig. S2a). Neural marker expres-
sions of differentiated cells were examined and the results
showed that these cells expressed higher levels of neu-
ron-specific enolase (NSE), growth-associated protein 43
(GAP43), and S100 calcium-binding protein p (S100 p)
than ADSCs (Additional filel: Fig. S2b), which was con-
sistent with previous studies [25, 26]. Collectively, these
results demonstrated that these extracted cells from peri-
renal adipose tissues were ADSCs and had the potential
for neurogenic differentiation.

BP@SDF1-a recruits ADSCs to the corpus cavernosum
effectively

To confirm the SCs recruitment ability of SDF1-a,
the effect of SDF1-a on ADSCs migration was tested
by Transwell assay in vitro. Similar to the previous
study [27], the results showed that 200 ng/mL SDF1-«
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Fig. 1 Characterization of BP. (a) Representative TEM images of BP and BP@SDF1-a. Scale bar, 200 nm. (b) Representative AFM images of BP and BP@
SDF1-a. Scale bar, 500 nm. (c) Zeta potential of BF, SDF1-a and BP@SDF1-a in ddH,0. (d) Hydrodynamic size BP and BP@SDF1-a in ddH,0. (e) The size
distribution of BP and BP@SDF1-a based on the AFM analysis by counting 100 sheets for each sample with a Gaussian fit curve (n=100). (f) Encapsula-
tion efficacy of SDF1-a at various mass ratios of BP/SDF1-a (10:1, 10:5, 10:10, and 10:20). (g) SDF1-a releasing curve at various time points (0, 1, 3, 6, 12, 36,
and 72 h) with a mass ratio of 10:1 in ddH,O. (h) Degradation curve of BP and BP@SDF 1-a at various time points (O h,6 h,12h,1d,3d,5d, 7 d) in ddH,O

significantly promoted the migration of ADSCs, which,
however, was suppressed dramatically when ADM3100
(200 ng/mL, an antagonist of CXCR4) was pre-added into
the Transwell system (Fig. 2b and c). The result demon-
strated that SDF1-a had a good recruitment efficiency on

ADSCs. To explore whether BP@SDF1-a still possesses
the ability to recruit ADSCs in vivo, exogenous ADSCs
were pre-labeled with 5-ethynyl-2-deoxyuridine (EdU)
in vitro and visualized under a confocal microscope as a
previous study reported [28]. Concretely, EAU at different
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Fig. 2 Characterization and tracking of ADSCs. (@) A schematic of the isolation of ADSCs. ADSCs isolated from perirenal adipose tissues of rats were
cultured in vitro. (b) The recruitment effect of SDF1-a on ADSCs via SDF1-a/CXCR4 axis was tested by Transwell assay (ADM3100, a CXCR4 antagonist to
block SDF1-a/CXCR4 signal transduction; nucleus in blue), and the quantified data was presented in (c) (=8, * indicated P <0.05, compare to the Cont.
group, # indicated P <0.05). Scale bar, 100 um. (d) ADSCs were labeled by incubating with EdU for various times (24 and 48 h) and the labeling efficacy
of ADSCs was assessed by EdU staining (EJU positive in red, nucleus in blue), and the quantified data was presented in (e) (n=7, * indicated P <0.05).
Scale bar, 200 um. (f) The tracking and recruitment of ADSCs were conducted in vivo. ADSCs incubated with EdU for 48 h were harvested and injected
into the penises of 8-week-old rats with various regents (PBS, BP, SDF1-a, and BP@SDF 1-q, the dose of BPNS and SDF1-a were equal to BP@SDF1-a). The
detection of EAU positive cells in penis tissues at different time points (1 d, 2 d, and 3 d) was visualized by laser confocal microscope (EdU positive in red,
nucleus in blue), and the quantified data was presented in (g) (=6, * indicated P <0.05, compared to the PBS group, # indicated P <0.05, ns means no
significance). Scale bar, 200 um
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concentrations was exposed to ADSCs to assess the cyto-
toxicity (Additional filel: Fig. S3) and its nontoxic dose
of 1 uM was adopted for the detection of labeling effi-
ciency on ADSCs at different time points via microscopy
(Fig. 2d). ADSCs treated with EAU for 48 h had a higher
labeling rate (~87.17%) than those with 24-hour treat-
ment (~80.31%) (Fig. 2e).

Next, the BCNI rat model was constructed and 4
groups (Cont., BP, SDF1-a, and BP@SDF1-a group) of
rats received intra-cavernous injection immediately
with PBS, BPNS, SDF1-«, and BP@SDF1-a, respectively.
Before that, ADSCs pre-treated with EAU for 48 h were
harvested and injected into the corpus cavernosum of all
rat models. The penises of rat models were harvested at
different time points (1, 2, and 3 days) and stained with
EdU detection kit. As shown in Fig. 2f and g, compared
with Cont. group, the number of EdU positive cells
increased to approximately 2.4-, 3.2- and 3.3-fold in the
SDF1-a group and approximately 3.7-, 5.8- and 6.4-fold
respectively in BP@SDF1-a group at 1, 2, and 3 days post
SDF1-a and BP@SDF1-a treatment, respectively. Nota-
bly, BP@SDF1-a showed a higher efficiency in exogenous
ADSCs recruitment within corpus cavernosum than
SDF1-a.
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BP@SDF1-a recruits endogenous S/PCs to the corpus
cavernosum and MPG effectively

Taking the cue that BP@SDF1l-a could effectively
recruit exogenous ADSCs to the corpus cavernosum,
we hypothesized BP@SDF1-a also had a similar recruit-
ment effect on endogenous S/PCs. To assess the recruit-
ment effect of BP@SDF1-« in vivo, we utilized EdU to
label and track endogenous S/PCs. EdU is a thymidine
analog that is incorporated into the DNA of replicating
cells to detect proliferative capacity. As we know, endog-
enous S/PCs exist in their niches in most mammalian
tissues and remain quiescent in the GO phase of the cell
cycle under normal physiological conditions, which only
divide in response to tissue damage and contribute to tis-
sue regeneration [29]. These slow-cycling cells are capa-
ble of retaining thymidine analogs such as EAU over a
long time and are also called “label-retaining cells” [29].
Based on this “label-retaining” theory, neonatal male
SD rats received EdU at a dosage of 50 mg/Kg immedi-
ately after birth via intraperitoneal injection to label and
track endogenous S/PCs as previously described (the
scheme was shown in Fig. 3a) [30]. Penile tissues were
harvested and processed into frozen slices at various
time points (at the age of 1, 2, 5, 6, 7, and 8 weeks); EAU-
labeled cells were observed via a confocal microscope. As
shown in Fig. 3b and c, the number of EdU-labeled cells
was approximately 85.3 per scope at the age of 1 week
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Fig. 3 Characterization and tracking of endogenous S/PCs. (a) A schematic of the labeling of endogenous S/PCs. Endogenous S/PCs were labeled by
intraperitoneal injection of EdU (50 mg/Kg) into new-born rats. (b) Endogenous S/PCs were tracked in corpus cavernosum at different time points (1, 2,
5,6,7,and 8 weeks post injection) by EdU staining, the EdU positive cells were visualized under laser confocal microscope (EdU positive in red, nucleus in

blue), and the quantified data was presented in (c) (n=6). Scale bar, 200 um
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and that gradually decreased to around 6.4 per scope at
the age of 8 weeks, suggesting that these quiescent cells
could be identified in the corpus cavernosum up to the
age of 8 weeks. Next, the frozen slices of penile tissues
were co-stained with EAU and stem cell antigen-1 (Sca-1,
a typical marker of SCs in rat penile tissue [25]) or CD44
(a typical marker of MSCs [22]) to further prove that
EdU-labeled cells were endogenous SCs, and the results
in Additional filel: Fig. S4 showed that some EdU-labeled
cells were positive for Sca-1 and CD44 expression, which
was consistent with a previous study [25]. Although there
is a lack of a unique and strong marker for identifying
endogenous S/PCs identification, our results confirm that
the EdU-positive cells were endogenous S/PCs to some
extent and provided strong evidence for endogenous S/
PCs tracking in subsequent experiments.

Similar to the ADSCs recruitment in vivo, new-
born SD rats received EdU intraperitoneal injection
underwent BCNI surgery at the age of 8 weeks and
were randomly divided into four groups (Cont., BP,
SDF1-a, and BP@SDF1-a group, 10 rats per group).
The representative images of MPG and CN, CN ana-
tomical separation and BCNI model construction were
shown in Additional filel: Fig. S5a and b. The MPG
and corpus cavernosum were locally injected with
PBS, BPNS, SDF1-a, and BP@SDF1-«, respectively,
and tissues were harvested at different time points (1,
2, 3, 7, and 14 days for corpus cavernosum and 1, 2,
and 3 days post treatment for MPG) for histological
examination (the scheme was shown in Fig. 4a). Com-
pared with Cont. group, endogenous S/PCs in corpus
cavernosum and MPG were recruited dramatically in
the BP@SDF1-a group while there was no significant
recruitment effect in the BP or SDF1-a group (Fig. 4b-
e). Compared with Cont. group, the number of endog-
enous S/PCs in the corpus cavernosum increased to
1.4-, 2.3-, 7.6-, 11.4- and 7.8-fold at 1, 2, 3, 7, and 14
days post BP@SDF1-a treatment, respectively, and
those in MPG increased to 4.3-, 7.1- and 10.7-fold at
1, 2, and 3 days post BP@SDF1-a treatment, respec-
tively. These results illustrated our hypothesis that
BP@SDF1-a local injection had a higher efficiency of
endogenous S/PCs recruitment within corpus caver-
nosum and MPG.

BP@SDF1-a local injection alleviates the ED in a BCNI rat
model

Given that BP@SDF1-a could efficiently recruit endog-
enous S/PCs to corpus cavernosum and MPG, we rea-
soned that it potentiated to ameliorate ED in BCNI rats
via endogenous S/PCs recruitment. To test the thera-
peutic efficacy of BP@SDF1-a on BCNI rat models, fifty
8-week-old rats were randomly divided into 5 groups
(Sham, BCNI+PBS, BCNI+BP, BCNI+SDFl-a and

Page 7 of 14

BCNI+BP@SDF1-a group, 10 rats per group). Then,
MPG and corpus cavernosum were locally injected
with PBS, BPNS, SDF1-a, and BP@SDF1-a, respectively
(once for MPG and every 7 days for corpus caverno-
sum). After the local delivery, BP@SDF1-a dramatically
elevated the SDF1-« expression in penis of BCNI+BP@
SDF1-a group (Additional filel: Fig. S6). Erectile function
was assessed on the 28th day post-surgery in all groups
(the scheme was shown in Fig. 5a). As shown in Fig. 5b
and ¢, rats in the Sham group displayed typically nor-
mal intra-cavernous pressure (ICP) curves and the aver-
age ratio of maximum ICP to the mean arterial pressure
MAP (ICP/MAP) was 0.85. BCNI surgery resulted in
significantly lower ICP curves and decreased ICP/MAP
ratios in BCNI+PBS group. Compared with BCNI+PBS
group, rats in BCNI+BP@SDF1-a group showed signifi-
cantly higher ICP curves and ICP/MAP ratio (approxi-
mately 0.52 vs. 0.30), while rats in BCNI+BP and
BCNI+SDF1-a group did not display a significant dif-
ference in ICP curves and ICP/MAP ratio. The results
indicated that ED was ameliorated by local injection of
BP@SDF1-a. As evidenced by TEM (Fig. 6a), the num-
ber of myelin sheaths was significantly reduced after CNs
injury in BCNI+PBS group. Compared with BCNI+PBS
group, BCNI+BP@SDF1-a group presented a significant
increase in the number of regenerated myelin, close to
that in Sham group, while BCNI+BP and BCNI+SDF1-a
groups showed no significant myelin regeneration. Fur-
ther, immunofluorescence staining showed that the num-
ber of smooth muscle cells, endothelial cells, and dorsal
penile nerves in corpus cavernosum were decreased in
BCNI rats, whereas BP@SDF1-a restored their survival,
upregulating the expression level of nNOs, CD31, and
a-SMA in BCNI+BP@SDF1-a group (Fig. 6b). The col-
lagen deposition in the corpus cavernosum was assessed
by Masson’s trichrome staining, and the results demon-
strated that the rats in BCNI+PBS group displayed much
more collagen deposition than that in Sham group, while
collagen deposition in BCNI+BP@SDF1-a group was
significantly decreased when compared with BCNI+PBS
group (Fig. 6¢). Furthermore, as we know, RhoA /Rho
kinase (ROCK) pathway plays a significant role in smooth
muscle contraction in the corpus cavernosum and its
activation is associated with ED [31]. The activation level
of this pathway was detected by Western Blotting and
the result showed that BP@SDF1-a downregulated the
expression level of RhoA and Rockl in rats with BCNI
and that of CD31 and a-SMA were upregulated (Addi-
tional filel: Fig. S7), which was consistent with previous
study [31]. Taken together, this study illustrated that BP@
SDF1-a local injection could alleviate ED induced by CNs
injury by efficiently recruiting endogenous S/PCs.
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Fig. 4 The recruitment effect of SDF1-a on endogenous S/PCs in vivo. (a) A schematic of detecting the recruitment of endogenous S/PCs. The recruit-
ment effects of SDF1-a on endogenous S/PCs in corpus cavernosum and MPG were assessed. Intraperitoneal injections of EAU (50 mg/Kg) into new-born
rats were conducted and various regents (PBS, BP, SDF 1-a and BP@SDF 1-g, the dose of BPNS and SDF 1-a were equal to BP@SDF 1-a) were injected into the
penis and the base and periphery of MPG respectively. (b) The recruitment effect of SDF1-a on endogenous S/PCs in the penis was assessed. The penis
tissues were harvested at different time points (1, 2, 3, 7, and 14 days post various reagents injection) and the recruitment efficacy was visualized by EdU
staining of penis tissues (EAU positive in red, nucleus in blue, white arrows points to the EdU positive cells). Scale bar, 200 um. The quantified data was
presented in (c) (n=6, * indicated P <0.05, compared to the PBS group, # indicated P <0.05). (d) The MPG tissues were harvested at different time points
(1,2, and 3 days post various reagents injection) and the recruitment efficacy was visualized by EdU staining of MPG tissues (EdU positive in red, nucleus
in blue, white arrows points to the EdU positive cells). Scale bar, 200 um. The quantified data was presented in (e) (n=6, * indicated P <0.05, compared
to the PBS group, # indicated P <0.05)
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Fig. 5 The assessment of erectile function. (a) A schematic of the assessment of erectile function. Eight-week-old rats with BCNI were prepared and vari-
ous regents (PBS, BP, SDF1-a, and BP@SDF1-q, the dose of BPNS and SDF1-a were equal to BP@SDF1-a) were injected into the penis and the base and
periphery of MPG respectively (rats in Sham group only received the same operation as BCNI rats did, without BCNI). The ICP and MAP were detected with
the electric stimuli on the cavernous nerve and the penis was harvested for further tests. The ICP curves were presented in (b) and the quantified data of
max ICP/MAP was presented in (c) (n=5, *** indicated P <0.001, compared to the PBS group, # indicated P <0.05)

Conclusion

In this study, we constructed the BP@SDF1-a deliv-
ery system to explore its ability to recruit SCs and
thus ameliorate ED in a BCNI rat model. The results
showed that local administration of BP@SDF1-a effi-
ciently recruited endogenous S/PCs to corpus cav-
ernosum and MPG in a time-dependent manner by
increasing the content and prolonging the retention
time of SDF1-a. Ascribing to its recruitment effect on
endogenous S/PCs, BP@SDF1-« improved the erectile
function of BCNI rat models by boosting the protein
expression levels of a-SMA, CD31, and nNOs, and
eliciting less collagen deposition in the penis after its
combined injection at corpus cavernosum and MPG.

Methods

Preparation of BP@SDF1-a

BPNS was purchased from Shenzhen MOPHOS. Co.,
Ltd., China. To construct the BP@SDF1-a complex, 100
uL BPNS (100 pg/mL) aqueous solution was centrifuged
and washed 3 times. Then, BPNS was suspended in 90 uL
ddH,0, followed by the addition of 10 uL. SDF1-« (100 pg
in 1mL ddH,0O, PeroTech, USA, 400-32 A). The mixture
of BPNS and SDF1-a was incubated for 30 min at 37 °C
after a gentle vortex. Finally, the mixture was centrifuged
and dispersed in 100 uL ddH,O or PBS for further study.

Characterization of BP@SDF1-a

TEM analyses of BPNS and BP@SDF1-a were performed
with an H-7500 transmission electron microscope (Hit-
achi Scientific Instruments, Japan). AFM images were
taken via an AFM 5500 instrument in the contact mode
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Fig.6 The assessment of erectile function. () The representative TEM images of cavernous nerves in different groups. Scale bars, 2 um. (b) The expression
of nNOs, CD31, and a-SMA in penis tissues was assessed by immunofluorescence staining and visualized under a laser confocal microscope (nNOs, CD31,
and a-SMA in green, nucleus in blue), and (c) the representative images of Masson'’s trichrome staining in different groups. Scale bar, 200 um

(Agilent Technologies, Inc., USA) at the concentration
of 50 pg/mL in ddH,O. Raman spectra were recorded by
using an InVia Raman microscope (Renishaw, UK). Zeta
potential and hydrodynamic diameter measurements of
BPNS materials in ddH,O at the concentration of 20 pg/
mL were assayed with a Zeta-sizer (Malvern Nano series,
Malvern, UK.).

Loading and releasing capacity of BP@SDF1-a

The loading and releasing capacity of BP@SDF1-a was
determined by the Rat SDF1-a ELISA Kit (MEIMIAN,
China, MM- 20919R1). Briefly, the mixture of BPNS
and SDF1-a was incubated in ddH,O for 30 min at 37 °C
with various mass ratios (10:1, 10:5,10:10, and 10:20).

Then, the supernatant was collected after centrifugation.
Finally, the concentration of free SDF1-« in the superna-
tant was determined. BP@SDF1-a with a mass ratio of
10:1 was constructed and resuspended in ddH,O. The
supernatant of BP@SDF1-a complexes was collected
at different time points (0, 1, 3, 6, 12, 36, and 72 h after
resuspension) and the content of SDF1-a was detected by
the Rat SDF1-a ELISA Kit.

The degradation rate of BP@SDF1-a

BP@SDF1-a was constructed. Then the supernatant of
BPNS and BP@SDF1-a were collected individually at dif-
ferent time points (O h, 6 h, 12h,1d,3d,5d,and 7 d
after resuspension) and the phosphate in the supernatant
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was detected by Phosphate Sensor Assay Kit (Beyotime
Biotechnology, China, S0192S).

Isolation of ADSCs

All animal experiments in this study were conducted
with the approval of the Institutional Animal Care and
Use Committee of Yi Shengyuan Gene Technology
(Tianjin) Co., Ltd. All animals were housed in an envi-
ronmentally (temperature and humidity) controlled
room with a 12-h light or dark cycle and free access
to laboratory chow and water. Perirenal adipose tis-
sues obtained from eight-week-old male SD rats were
washed 3 times in Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F12) medium (Gibco
BRL Life Technologies Inc., USA) with 1% penicillin/
streptomycin (Hyclone, CA, USA) and then trans-
ferred to a petri dish. After the removal of blood ves-
sels and fascial tissues, adipose tissues were cut into
pieces (1-2 mm?®) and digested at 37 °C in DMEM/
F12 medium containing 0.1% collagenase I (Solarbio
Life Science, China) for 1 h. The tissue precipitation
was collected and resuspended in erythrocyte lysate
(Solarbio Life Science, China) for 5 min at room tem-
perature. After filtration through 100 um nylon filter
mesh (BD Falcon) and centrifugation, 1x 10° cells were
plated on a 10-cm dish with complete DMEM/F12
medium (supplemented with 10% fetal bovine serum
(FBS) (Gibco BRL Life Technologies Inc., USA) and 1%
penicillin/streptomycin).

Identification and differentiation of ADSCs

The identification of ADSCs was tested by flow cytom-
etry analysis. Briefly, three passaged ADSCs were
collected and incubated with fluorescein isothiocya-
nate (FITC)-conjugated anti-CD44, anti-CD90, phy-
coerythrin (PE)-conjugated anti-CD29, Alexa Fluor
647-conjugated anti-CD45, and Cyanine 7- conjugated
anti-CD31 and their isotypic controls (all these anti-
bodies were purchased from BioLegend, Inc.) respec-
tively at room temperature for 30 min in dark. These
cells were washed 3 times with PBS and tested by
flow cytometry (Cytomics FC500 MPL, USA) and the
results were analyzed with the FlowJo software. For
neural differentiation, 70-80% confluent ADSCs were
cultured in 10% FBS-containing DMEM/F12 supple-
mented with 5 pg/mL insulin, 200 uM indomethacin
(INDO), and 500 uM IBMX for 48 h. The morphology
changes were observed under an optical microscope
and the expression of neural markers (NSE, GAP43,
and S100p3) was tested by Western Blotting.

Construction of BCNI model
The procedure of BCNI mainly referred to the previous
studies [32, 33], Eight-week-old rats were anesthetized

Page 11 of 14

with sodium pentobarbital (60 mg/Kg) and placed in
the supine position on an experiment table with the
lower half of the abdomen shaved. A 5 cm incision at
the lower, midline abdomen was made to fully expose
the prostate, MPG, and CNs. The bilateral CNs crush
was performed at around 5 mm distal from the gan-
glion for 2 min via the “hemostat tip-syringe needle-
nerve-hemostat tip” sandwich structure [32]. Finally,
the abdomen was closed and anti-inflammatory drugs
were administrated.

Labeling and tracking of SCs

ADSCs were cultured in glass bottom cell culture
dishes with a complete DMEM/F12 medium. After
reaching 50% confluence, cells were incubated with
EdU (Invitrogen) for 24 and 48 h respectively. Then
cells were processed and stained under the instruc-
tions of Click-iT™ EdU Cell Proliferation Kit for
Imaging (Invitrogen) and EdU-labeled ADCSs were
visualized with a confocal microscope (Olympus
GmbH, Hamburg, Germany). Eight-week-old SD
rats were purchased for ADSCs tracking in vivo. All
rats were randomly divided into four groups (Cont.,
BP, SDF1-a, and BP@SDF1-a group) and underwent
BCNI surgery. Each rat was injected with EdU-labeled
ADSCs (incubated with EdU for 48 h) and then MPG
and corpus cavernosum were locally injected with PBS,
BPNS, SDF1-a, and BP@SDF1-qa, respectively. Briefly,
during the BCNI procedure, an extended skin incision
was made to expose the penis. The needle was inserted
near the distal tip of one side of the penis. After insert-
ing the needle at a certain distance approximately
to the proximal tip, 100 pL of PBS suspended with
0.5x10% ADSCs was slowly injected into the cavernous
sinus as the needle was withdrawn. The injection site
was then held under pressure for 3 min after the com-
pletion of the injection and the opposite side received
the same procedure. Forty minutes later, an elastic
band was placed at the base of the penis to block blood
flow, similar injection method was applied to conduct
bilateral intra-cavernosum injections at the sub-albu-
ginea in different groups (injected with 100 puL of PBS,
BPNS, SDF1-a, and BP@SDF1-«a, respectively, 50 pL
per side, 1.2 pg SDF1-a per side), and the rubber band
was removed 6 minutes after the injection was com-
pleted. As for MPG local injection, 30 puL PBS, BPNS,
SDF1-a or BP@SDF1-a was injected into the base and
periphery of bilateral MPG in different groups (15
uL per side, 0.5 ug SDF1-« per side). After injection,
a small visible bulge appeared at the site of the MPG.
A small drop of tissue adhesive was then added to the
injection site to prevent drug leakage when the needle
was removed. All rats were kept after the surgery. The
penile tissues were finally harvested at different time
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points (1, 2, and 3 days post treatment) for fluorescent
staining.

For endogenous S/PCs, neonatal male SD rats
received intraperitoneal injections of EdU at a dosage
of 50 mg/Kg immediately after birth. A group of rats
was sacrificed at the age of 1, 2, 5, 6, 7, and 8 weeks,
the penile tissues were collected respectively and pro-
cessed for EAU detection by confocal microscope.
Another group of rats underwent BCNI at the age of
8 weeks and were randomly divided into four groups
(Cont., BP, SDF1-«, and BP@SDF1-a group). MPG and
corpus cavernosum were locally injected with PBS,
BPNS, SDF1-a, and BP@SDF1-a, respectively (details
were shown above). The tissues were harvested at dif-
ferent time points (1, 3, 7, and 14 days post treatment)
for fluorescent staining.

ICP and MAP measurement

Fifty 8-week-old rats were randomly divided into 5
groups (Sham, BCNI+PBS, BCNI+BP, BCNI+SDF1-a
and BCNI+BP@SDF1-a group, 10 rats per group).
Rats in Sham group were received the process of BCNI
surgery without bilateral CNs crush, and rats in other
groups underwent complete BCNI surgery. Subse-
quently, MPG and corpus cavernosum were locally
injected with PBS, BPNS, SDF1-a, and BP@SDF1-«,
respectively (once for MPG and every 7 days for cor-
pus cavernosum). Twenty-eight days after BCNI, ICP
and MAP were measured to evaluate erectile function
as in previous studies [32, 33]. Briefly, rats were anes-
thetized and received laparotomy at the lower, midline
abdomen to expose MPG and CNs for ICP detection
and the left carotid artery was exposed for recording
MAP. For ICP detection, a 24-gauge needle filled with
150 U/mL heparin solution was inserted into the left
corpus cavernosum to conduct signal through a pres-
sure transducer, while a bipolar electrode was used for
stimulating the CNs with parameters of 5 mV, 20 Hz,
0.2 ms pulse width, and 60 s duration. MAP was
recorded through a pressure transducer and a polyeth-
ylene-50 tube inserted into the left carotid artery.

Transmission electron microscopy (TEM)

Approximately 2-mm nerve segments distal to the
injured site of CNs in rats were harvested and quickly
placed in pre-cooled 2.5% glutaraldehyde for 4 h. After
the post-fixation in 1% OsO4 for 3 h, the nerve seg-
ments were embedded and cut into super-thin slices,
and stained with 3% acetic acid uranium-nitrate lead.
The morphology of CNs was observed under an elec-
tron microscope (H-7500, Hitachi Corp., Tokyo,
Japan).
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Masson Trichrome Staining

Penile tissues were harvested from SD rats and fixed
in 4% paraformaldehyde. The tissues were then dehy-
drated, embedded and processed into slices. These
slices were stained under the instruction of a Masson
Trichrome staining kit (Solarbio Life Science, China).

Immunofluorescence staining

Slices of penile and MPG tissues were processed for
immunofluorescence staining. Briefly, after the fixa-
tion with 2% formaldehyde and permeabilization with
0.5% TritonX-100, slices were incubated with pri-
mary antibodies (anti-a-SMA, anti-nNOs, anti-CD31,
anti-Sca-1, and anti-CD44, ProteinTech Group, Inc)
at 4 °C overnight and then incubated with CoraLite
488/594-conjugated Goat Anti-Rabbit IgG (Protein-
Tech Group, Inc) respectively at room temperature for
2 h in dark. Tissues were visualized under a confocal
microscope (Olympus GmbH, Hamburg, Germany).

Western blotting

Cells or tissues were harvested and lysed by RIPA lysis
buffer (Beyotime Biotechnology, China) supplemented
with a protease inhibitor cocktail (Solarbio Life Sci-
ence, China). The concentrations of total protein were
detected via a BCA Protein Assay Kit (Solarbio Life
Science, China) and equal amounts of protein were
loaded into sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then proteins were
transferred onto Nitrocellulose (NC) membrane (Pall
Corporation, USA). Later, NC membranes were incu-
bated with different primary antibodies (anti-a-SMA,
anti-CD31, anti-NSE, anti-GAP43, anti-S100p, anti-
RhoA and anti-Rock1, ProteinTech Group, Inc) at 4 °C
overnight and then incubated with HRP-conjugated
secondary antibody for 1 h at room temperature. The
signals were detected with the BIO-RAD ChemiDoc
XRS chemiluminescence system (Bio-Rad Inc., CA,
USA).

Statistical analysis

All data were analyzed by GraphPad Prism 8 software
and presented as mean*standard deviation. was used
for the statistical analysis of data. An independent
T-test or one-way ANOVA test was performed to
determine differences between or among groups.

Abbreviations

SC Stem cell
ED Erectile dysfunction
S/PCs Stem/progenitor cells

SDF1-a  Stromal cell-derived factor 1-a
CXCR4 C-X-C motif chemokine receptor 4
BPNS Black phosphorus nanosheet

SCs Stem cells
BCNI Bilateral cavernous nerve injury
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MPG Main pelvic ganglion

CNs Cavernous nerves

TEM Transmission electron microscopy
AFM Atomic force microscopy

ADSCs Adipose-derived stem cells

MSCs Mesenchymal stem cells

EdU 5-ethynyl-2-deoxyuridine

Sca-1 Stem cell antigen-1

ICP Intra-cavernous pressure

MAP Mean arterial pressure

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-023-02238-x.

Additional file 1: Fig. S1. The identification of ADSCs. (a) Representa-

tive image of spindle-shaped ADSC in passage 4. Scale bar, 200 um. (b)
The surface antigens expression of ADSCs (CD31, CD45, CD29, CD90

and CD44). Fig. S2 The neural differentiation potential of ADSCs. (a)
Representative image of induced ADSCs cultured in neural differentiation
induction medium for 24 h. Scale bar, 200 um. (b) The induced ADSCs
were harvested and the expression of neural related markers (NSE, GAP43
and S100B) was detected by Western Blotting. Fig. S3 The cell viability of
ADSCs after 48-hour exposure to EAU at various doses, * indicated P <0.05.
Fig. S4 The identification of endogenous S/PCs. Endogenous S/PCs were
characterized in penis tissues at the age of 8 weeks by immunofluores-
cence staining of Sca-1, CD44 (stem cell markers) and EdU staining (Sca-1
and CD44 in green, EdU positive in red, nucleus in blue). Scale bar, 200 um.
Fig. S5 (a) Representative image of MPG and CN. (b) Representative image
of CN anatomical separation (over the black suture) and the “hemostat
tip-syringe needle-nerve-hemostat tip” sandwich structure for BCNI model
construction (BL, bladder; PE, penis; MPG, main pelvic ganglion; CN,
cavernous nerve; PN, pelvic nerve). Fig. S6 The expression of SDF1-a in
penis tissues was assessed by immunofluorescence staining and visualized
under a laser confocal microscope (SDF1-a'in green, nucleus in blue).
Scale bar, 200 um. Fig. S7 The protein expression level of Rock1, RhoA, and
CD31 in penis tissues was detected by Western Blotting

Acknowledgements
Not applicable.

Author contribution

JZ,LS and ZZ conceived and designed the study. QF, JZ, ZX and LS developed
methods, analyzed data, and organized figures. QF drafted and revised

the manuscript. QF performed most of the experiments. JL, BY and YH
participated in the animal experiments. JZ reviewed the manuscript. All
authors read and approved the final manuscript.

Funding

This work was supported under grants from the National Natural Science
Foundation of China (grant numbers: 22176142 and 22076138), Young Elite
Scientists Sponsorship Program by Tianjin (No. TJSONTJ-2020-07) and Tianjin
Medical University “Clinical Talent Training 123 Climbing Plan”.

Data Availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

All animal experiments in this study were conducted with the approval of
the Institutional Animal Care and Use Committee of Yi Shengyuan Gene
Technology (Tianjin) Co., Ltd.

Consent for publication
Not applicable.

Page 13 of 14

Competing interests
The authors declare no competing interests.

Author details

'Department of Urology, Tianjin Institute of Urology, The Second Hospital
of Tianjin Medical University, Tianjin 300211, China

Department of Urology, Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital, Shanghai 200233, China

*Department of Urology, Angjiu People’s Hospital, Weifang,

Shandong 262100, China

Received: 24 September 2023 / Accepted: 3 December 2023
Published online: 18 December 2023

References

1.

20.

21.

Ayta IA, McKinlay JB, Krane RJ. The likely worldwide increase in erectile dys-
function between 1995 and 2025 and some possible policy consequences.
BJU Int. 1999;84(1):50-6.

Feng H, Liu Q Deng Z, et al. Human umbilical cord mesenchymal stem cells
ameliorate erectile dysfunction in rats with Diabetes Mellitus through the
attenuation of ferroptosis. Stem Cell Res Ther. 2022;13(1):450.

Lin CS, Xin ZC,Wang Z, et al. Stem cell therapy for erectile dysfunction: a criti-
cal review. Stem Cells Dev. 2012,21(3):343-51.

Mitidieri E, Cirino G et al. d'Emmanuele di Villa Bianca R. Pharmacology and
perspectives in erectile dysfunction in man. Pharmacology & therapeutics.
2020; 208:107493.

Shamloul R, Ghanem H. Erectile dysfunction. Lancet (London England).
2013;381(9861):153-65.

Zhang X, He J, Wang W. Progress in the use of mesenchymal stromal cells for
osteoarthritis treatment. Cytotherapy. 2021,23(6):459-70.

Wu JH, Wang DY, Sheng L, et al. Human umbilical cord Wharton'’s jelly-derived
mesenchymal stem cell transplantation could improve diabetic intracaverno-
sal pressure. Asian J Androl. 2022,24(2):171-75.

Kim JH, Yun JH, Song ES, et al. Improvement of damaged cavernosa followed
by neuron-like differentiation at injured cavernous nerve after transplanta-
tion of stem cells seeded on the PLA nanofiber in rats with cavernous nerve
injury. Mol Biol Rep. 2021,48(4):3549-59.

Xin ZC, Xu YD, Lin G, et al. Recruiting endogenous stem cells: a novel thera-
peutic approach for erectile dysfunction. Asian J Androl. 2016;18(1):10-5.
Wang J, Lin G, Alwaal A, et al. Kinetics of label retaining cells in the develop-
ing rat kidneys. PLoS ONE. 2015;10(12):e0144734.

Lin G, Alwaal A, Zhang X, et al. Presence of stem/progenitor cells in the rat
penis. Stem Cells Dev. 2015;24(2):264-70.

JiF,Wang, Yuan J, et al. The potential role of stromal cell-derived factor-1a/
CXCR4/CXCR7 axis in adipose-derived mesenchymal stem cells. J Cell Physiol.
2020;235(4):3548-57.

Choi JR, Yong KW, Choi JY, et al. Black phosphorus and its Biomedical Applica-
tions. Theranostics. 2018;8(4):1005-26.

Wang Y, Hu X, Zhang L, et al. Bioinspired extracellular vesicles embedded
with black phosphorus for molecular recognition-guided biomineralization.
Nat Commun. 2019;10(1):2829.

Zhou W, Cui H, Ying L et al. Enhanced cytosolic delivery and release of
CRISPR/Cas9 by Black Phosphorus nanosheets for Genome Editing. Ange-
wandte Chemie (international ed in English). 2018; 57(32):10268-72.

Huang Y, Qiao J, He K, et al. Interaction of Black Phosphorus with Oxygen and
Water. Chem Mater. 2016;28(22):8330-39.

Ankrum JA, Ong JF, Karp JM. Mesenchymal stem cells: immune evasive, not
immune privileged. Nat Biotechnol. 2014;32(3):252-60.

ShiY, Su J, Roberts Al, et al. How mesenchymal stem cells interact with tissue
immune responses. Trends Immunol. 2012,33(3):136-43.

Campbell JD, Milenkovic U, Usta MF, et al. The good, bad, and the ugly of
regenerative therapies for erectile dysfunction. Translational Androl Urol.
2020,9(Suppl 2):252-561.

Wang T, LiT, Niu X, et al. ADSC-derived exosomes attenuate Myocardial
Infarction injury by promoting mir-205-mediated cardiac angiogenesis. Biol
Direct. 2023;18(1):6.

Sadeghzadeh H, Mehdipour A, Dianat-Moghadam H, et al. PCL/Col I-based
magnetic nanocomposite scaffold provides an osteoinductive environment
for ADSCs in osteogenic cues-free media conditions. Stem Cell Res Ther.
2022;13(1):143.


https://doi.org/10.1186/s12951-023-02238-x
https://doi.org/10.1186/s12951-023-02238-x

Fu et al. Journal of Nanobiotechnology

22.

23.

24.

25.

26.

27.

28.

(2023) 21:487

Tang Y, Li J, Wang W, et al. Platelet extracellular vesicles enhance the proan-
giogenic potential of adipose-derived stem cells in vivo and in vitro. Stem
Cell Res Ther. 2021;12(1):497.

Salemi S, Prange JA, Baumgartner V, et al. Adult stem cell sources for skeletal
and smooth muscle tissue engineering. Stem Cell Res Ther. 2022;13(1):156.
Ning H, Lin G, Lue TF, et al. Neuron-like differentiation of adipose tissue-
derived stromal cells and vascular smooth muscle cells. Differentiation.
2006,74(9):510-18.

Peng D, Yuan H, LiuT, et al. Smooth muscle differentiation of Penile Stem/
Progenitor cells Induced by Microenergy Acoustic pulses in Vitro. J Sex Med.
2019;16(12):1874-84.

Radhakrishnan S, Trentz OA, Reddy MS, et al. In vitro transdifferentiation of
human adipose tissue-derived stem cells to neural lineage cells - a stage-
specific incidence. Adipocyte. 2019;8(1):164-77.

Wang X, Cooper S, Broxmeyer HE, et al. Transient regulation of RNA methyla-
tion in human hematopoietic stem cells promotes their homing and engraft-
ment. Leukemia. 2023;37(2):453-64.

Fandel TM, Albersen M, Lin G, et al. Recruitment of intracavernously injected
adipose-derived stem cells to the major pelvic ganglion improves erectile
function in a rat model of cavernous nerve injury. Eur Urol. 2012;61(1):201-10.

29.

30.

31.

32.

33.

Page 14 of 14

Govindasamy N, Murthy S, Ghanekar Y. Slow-cycling stem cells in hydra
contribute to head regeneration. Biology Open. 2014;3(12):1236-44.

Lin G, Huang YC, Shindel AW, et al. Labeling and tracking of mesenchymal
stromal cells with EdU. Cytotherapy. 2009;11(7):864-73.

Mori T, Hotta Y, Nakamura D, et al. Enhancement of the RhoA/Rho kinase
pathway is associated with stress-related erectile dysfunction in a restraint
water immersion stress model. Physiological Rep. 2021,9(20):e15064.

Li Z,Yin'Y,He K et al. Intracavernous pressure Recording in a cavernous nerve
Injury Rat Model. J Visualized Experiments: JoVE. 2021(175).

Mori T, Hotta Y, leda N, et al. Efficacy of a red-light controllable nitric oxide
releaser for neurogenic erectile dysfunction: a study using a rat model of
cavernous nerve Injury. The world journal of men’s health; 2023.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Biodegradable nano black phosphorus based SDF1-α delivery system ameliorates Erectile Dysfunction in a cavernous nerve injury rat model by recruiting endogenous stem/progenitor cells
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Construction and characterization of BP@SDF1-α
	﻿Isolation and identification of adipose-derived stem cells (ADSCs)
	﻿BP@SDF1-α recruits ADSCs to the corpus cavernosum effectively
	﻿BP@SDF1﻿﻿-α recruits endogenous S/PCs to the corpus cavernosum and MPG effectively
	﻿BP@SDF1﻿﻿-α local injection alleviates the ED in a BCNI rat model

	﻿Conclusion
	﻿Methods
	﻿Preparation of BP@SDF1-α
	﻿Characterization of BP@SDF1-α
	﻿Loading and releasing capacity of BP@SDF1-α
	﻿The degradation rate of BP@SDF1-α
	﻿Isolation of ADSCs
	﻿Identification and differentiation of ADSCs
	﻿Construction of BCNI model
	﻿Labeling and tracking of SCs
	﻿ICP and MAP measurement
	﻿Transmission electron microscopy (TEM)
	﻿Masson Trichrome Staining
	﻿Immunofluorescence staining
	﻿Western blotting
	﻿Statistical analysis

	﻿References


