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A B S T R A C T

Background: Intracavernous injection (ICI) of adipose-derived stem cells (ADSCs) has been demonstrated promis-
ing for neurogenic erectile dysfunction (ED). However, due to the sponge-like structure of corpus cavernosum
(CC) with abundant vessels, ICI was indeed like intravenous injection. Thus, the cell escaping may be a concern of
safety and limited therapy, but the issue has not been clearly demonstrated yet.
Methods: Suspensions of free ADSCs (FAs) and ADSCs-based spheroids (ASs) with suitable size were intraca-
vernously injected at doses of 0.5, 1, 2, or 4 million cells. The cell loss and safety after ICI, erectile function
and histopathologic change, etc. were analyzed with multimodality of methods.
Findings: Most FAs escaped from sponge-like CC after ICI due to their small size, weakening stem-cell thera-
peutic efficacy. Worse still, the escaped cells were shown to cause widespread pulmonary embolism (PE),
and even death in some animals. Further, it was founded that the therapeutic effect of FAs may be ascribed
to the larger cell clusters which spontaneously aggregated before ICI and were trapped within CC after ICI. In
comparison, cell loss and PE were significantly avoided by transplanting ASs. Importantly, better therapeutic
outcomes were detected after ICI of ASs when compared to FAs with the same cell number.
Interpretation: Transplantation of size-specific ASs instead of single-cell suspension of FAs for neurogenic ED may
be a wiser choice to achieve steady therapeutic outcome and to reduce risks for the future clinical application.
Fund: This work was supported by the National Natural Science Foundation of China (81701432) (to Y. Xu).
Youth Training Project for Medical science (16QNP129) and Beijing Nova Program of science and technology
(Z171100001117115) (to Z. Liu).

© 2020 The Author(s). Published 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/)
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1. Introduction

Cavernous nerves (CN) injury-related erectile dysfunction (ED)
was common in clinic, especially for those who have received radical
prostatectomy (RP) [1�3], the most common treatment for localized
prostate cancer. Oral phosphodiesterase type 5 (PDE 5) inhibitors are
currently the first-line choice for ED and more than 70% of total ED
patient population can be satisfactorily treated by the drugs. How-
ever, PDE5 inhibitors are not so effective for neurogenic ED that only
~43% of such patients respond to the drugs [4,5]. At present, no effec-
tive treatment was clinically available yet for most of neurogenic ED
patients.
In recent years, numerous preclinical and clinical studies have
demonstrated that stem-cell (SC) therapy was of great potential for
patients with neurogenic ED [6�8]. Autologous, allogeneic or even
xenogenic adipose-derived stem cells (ADSCs) have become the most
widely used SC type for ED primarily because of their abundant dis-
tribution in adult and low immunogenicity [9]. Among those studies,
intracavernous injection (ICI) was the most frequently adopted route
for SC transplantation [10]. Despite the encouraging achievement in
total in the field, it could not be ignored that the therapeutic out-
comes varied with studies for which the reasons were unknown.
Bahk et al. found that erectile function partially restored after ICI of
SCs; however, the hardness of the penile erection remained insuffi-
cient for penetration [11]. In this study, the researchers have tried to
clamp the root of penis for 30 min to improve therapeutic effect by
increasing cell retention in corpus cavernosum (CC). In another study,
Yiou et al. found that the partially recovered erectile function
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Research in context

Evidence before this study

In our previous study, scaffold-free ADSCs spheroids were
firstly transplanted via intracavernous injection for erectile dys-
function (ED) instead of single-cell suspension of ADSCs (free
ADSCs, FAs) and therapeutic outcomes were much improved.
We supposed the main cause may be that the large size of sphe-
roids prevented cell loss against sponge-like structure of corpus
cavernosum (CC), which, however, has not been fully proved. In
addition, deaths associated with stem cell injections were not
uncommon in clinical practice. Several studies have reported
that fatal pulmonary embolism events may occur upon intrave-
nous injection (IVI) of stem cells (SCs).

Added value of this study

The study was the first report about the potential risk of stem
cell transplantation for neurogenic ED via ICI, and the underly-
ing cause why therapeutic outcomes by ICI of stem cells have
been inconsistent in different studies. The novel findings of the
study included: (1) ICI was essentially like IVI because of the
sponge-like structure with abundant vessels in CC and thus, it
was a high risk approach for stem cell transplantation which
may lead to PE, or even death; (2) Formation of scaffold-free
spheroids, whose sizes could be controlled by adjusting cell
numbers, was an efficient method to trap stem cells in CC,
improving therapeutic efficacy and avoiding PE. (3) Therapeutic
benefits by ICI of free stem cells were mainly due to cell self-
aggregation before injection which may result in large aggre-
gates easily trapped in CC. This may be also the cause why ther-
apeutic outcomes varied with studies.

Implications of all the available evidence

Our study demonstrates that ICI of free stem cells is of low effi-
cacy, high risk and should be cautiously adopted in practice.
These data, together, implicate that ICI of stem-cell spheroids
instead of free cells appears to be a sounder option for future
clinical application.

2 Y. Xu et al. / EBioMedicine 52 (2020) 102656
declined again over time after ICI of SCs [6]. The above studies sug-
gest that a single ICI of SCs was likely insufficient, and repeated injec-
tions or other strategies may be required.

In addition, intravenous injection (IVI) of stem cells has been defi-
nitely reported by independent groups that it could lead to the
potentially lethal condition with the escaped cells being rapidly
trapped in lung [12�14]. Meanwhile, some clinical studies have also
found serious complications such as pulmonary embolism (PE) and
even death among patients after IVI of stem cells [15,16]. As is
known, the CC is a sponge-like structure with abundant vessels [17]
and thus it is essentially an intravenous approach too. Thus, we
hypothesized that free SCs loss with blood flow after ICI may be the
main cause of inefficient therapeutic outcomes as mentioned above.
In addition, acute PE ascribed to SCs after ICI may be a safety concern,
like that after IVI of SCs. To date, no safe cell-dose for treating ED has
been identified in the published clinical studies. Therefore, enough
attention should be paid to this issue when it comes to the potential
risks of patients in future clinical trials.

For these reasons, an approach to retaining cells in CC can look
forward to improving therapeutic efficacy and avoid potential risks
when treating ED with SCs. Herein, a systemic study was designed to
explore the evidence for the above hypothesis. On the basis, trans-
planting size-specific stem cell spheroids to improve therapeutic
efficacy and reduce risks after ICI for neurogenic ED was proposed
and investigated.

2. Materials and methods

2.1. Experimental design

16-week-old male Sprague-Dawley (SD) rats were used in this
study. All animal procedures and their care were conducted in con-
formity with animal ARRIVE guidelines and was approved by Institu-
tional Animal Care and Use Committee of the General Hospital of the
People’s Liberation Army (Beijing, China). All animals were main-
tained under controlled temperature (23§2 °C) and light (12-h light/
dark cycle) conditions with standard diet and water.

The rats were anesthetized with 3% pentobarbital sodium, the
prostate glands were exposed via a ventral midline incision, and the
posterolateral CNs and major pelvic ganglia (MPG) were easily identi-
fied. Twelve SD rats were randomly assigned to the sham group (i.e.,
exposing and isolating CNs, without crushing CNs) and received an
ICI of 0.2 ml phosphate buffer solution (PBS). In the other 120 rats,
the CNs were isolated and crushed bilaterally using a microsurgical
needle holder [18]. On the same day of surgery, the rats that under-
went bilateral CNs injury were randomly divided into three groups:
those who received an ICI of 0.2 ml PBS (n = 24 animals), free ADSCs
suspension (abbreviated to FAs, 0.5 £ 106, 1 £ 106, 2 £ 106 and
4 £ 106 cells in 0.2 ml PBS, n = 12 animals per dose), or ADSCs-based
spheroids (abbreviated to ASs, 500, 1000, 2000 and 4000 ASs in
0.2 ml PBS, 1 £ 103 ADSCs per spheroid, n = 12 animals per group).
24 h after ICI of 0.2 ml PBS, erectile function test was conducted in 12
model rats. The remaining 108 animals were sacrificed, and their
penises were harvested for subsequent analysis after erectile function
test at day 28.

We investigated the retention of injected ASs and FAs using in vivo
bioluminescence imaging. ADSCs co-expressing firefly luciferase (Luc)
and green fluorescent protein (GFP) were specifically used for this part.
Twelve normal SD rats were randomly divided into two equal groups:
those receiving an ICI of Luc+-GFP+ FAs (1 £ 106 cells in 0.2 ml PBS) and
those receiving Luc+-GFP+ ASs (1000 ASs in 0.2 ml PBS).

To assess PE, designated rats that underwent bilateral CNs injury
were randomly divided into three groups: those receiving an ICI of
0.2 ml PBS (n = 6 animals), FAs (0.5 £ 106, 1 £ 106, 2 £ 106 and
4 £ 106 cells in 0.2 ml PBS, n = 6 animals per dose), or ASs (500, 1000,
2000 and 4000 ASs in 0.2 ml PBS, 1 £ 103 ADSCs per spheroid, n = 6
animals per group). All rats were sacrificed after ICI, the lungs were
harvested and stained by hematoxylin and eosin (HE). The degree of
PE in each group was quantified by a self-defined scoring system.
Score 0 implied that no PE was observed under microscope (HE stain-
ing, 40 £). Score 1 was recorded for thrombus formation in less than
2 sites, score 2 was recorded for thrombosis in 3 sites, and score 4
was recorded for thrombus formation in no less than 4 sites. Theoret-
ically, PBS injection should not cause any PE, but from H&E stained
sections, some suspected PE may exist and score more than 0. To use
PBS injection group as no-PE control, the highest PE score in PBS
group was set as the threshold of background.

2.2. ASs generation, and ADSCs self-aggregation

Human ADSCs were isolated from human adipose tissue abandoned
after liposuction, which was approved by the ethical committee of the
General Hospital of the People’s Liberation Army (Beijing, China). Rele-
vant informed consent forms were signed by each donor before speci-
men collection. ADSCs were cultured in low-glucose Dulbecco’s
Modified Eagle Medium (DMEM; HyClone, Logan, UT, USA). ADSCs (3~5
passages) and used to generate ASs using the hanging drop method as
previously described [19]. Briefly, the cultured ADSCs were harvested
via trypsinization and re-suspended in DMEM supplemented with 5%
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fetal bovine serum (FBS; HyClone). Free cell suspensions were prepared
at concentrations of 2 £ 104 cells/mL, 4 £ 104 cells/mL, 8 £ 104 cells/
mL, 1.6 £ 105 cells/mL, and 3.2 £ 105 cells/mL, respectively. Hanging
drops were prepared at 37 °C in a humidified atmosphere of 5% CO2

using the free-cell suspension described above. Designated hanging
drop of 25 mL was observed continuously for 5 days to dynamically
assess the pattern of ASs formation. On Day 3 of the culture, ASs con-
taining 1000 cells were collected to treat neurogenic ED.

The re-suspended ADSCs were adjusted to different concentra-
tions: 2.5 £ 106 cells/mL, 5 £ 106 cells/mL, 1 £ 107 cells/mL, and
2 £ 107 cells/mL. The above free-cell suspensions were placed in vitro
for 5 min, 10 min, 30 min, 60 min, and 90 min, and the self-aggrega-
tion of ADSCs was observed dynamically.

2.3. Measurement of the traversability of CC and pulmonary circulation
via polystyrene microspheres

The polystyrene microspheres (PSMs, Tianjin BaseLine ChromTech
Research centre, Tianjin, China) used in this study had different parti-
cle sizes (diameter of particles = 7.962 mm to 158.866 mm). The con-
sistency was 0.378, D50 = 60.941 mm, D10 = 26.781 mm, D90 =
102.844 mm, and D (4, 3) = 63.441 mm. Blood samples were respec-
tively collected from postcava and ventral aorta immediately as well
as 5, 10, and 15 min after ICI of PSMs. Blood smears were observed
under a microscope to measure the maximum diameter of PSMs
intercepted at the different time points. These data were used to esti-
mate the size of the particles that could be trapped by the CC and pul-
monary circulation.

2.4. Measurement of intracavernous pressure and mean arterial
pressure

Four weeks after CNs crush injury or sham operation, the intraca-
vernous pressure (ICP) and mean arterial pressure (MAP) were mea-
sured respectively, as previously described [20,21]. Briefly,
anesthesia of rats with 3% pentobarbital sodium, the bilateral CNs
were exposed via a ventral midline incision. A 25-gage butterfly nee-
dle connected to a PE-50 tube filled with heparinized saline (200 IU/
mL) was inserted into left CC. The other end of the PE-50 tube was
connected to a data acquisition system (MP150; Biopac Systems Inc,
Goleta, CA, USA). The CN was isolated and hooked by a bipolar stimu-
lation electrode (each pole was 0.2 mm in diameter, separated by
1 mm) 3 ~ 4 mm distal to the MPG. The stimulus parameters were
20 Hz, pulse width of 0.2 ms, 1.5 mA, and duration of 60 s via a signal
generator (Biopac Systems Inc, Goleta, CA, USA). Three electrostimu-
lations were conducted on either CN separately, and the maximal
amplitude of ICP was calculated from baseline value. MAP was
recorded using a 25- gage butterfly needle inserted into the aorta at
the level of the iliac bifurcation. The ratio of maximal ICP (mmHg) to
mean MAP (mmHg) was calculated to normalize for variations in sys-
temic blood pressure.

2.5. Fluorescence microscopy and histological staining

Freshly dissected penis (mid-shaft portion) and lungs were fixed
with 2% formaldehyde and 0.002% picric acid in 0.1 M phosphate
buffer for 4 h, followed by overnight immersion in 30% sucrose. Tis-
sues were frozen in optimum cutting temperature compound (Sakura
Finetek, Torrance, CA, USA) and stored at - 80 °C until use. Sections
were cut at 5 micrometers and subjected to next tests.

Smooth muscle in penis was stained with AlexaFluor-488 conju-
gated phalloidin (Life Technology, A12379) or rabbit anti-alpha
smooth muscle actin (a-SMA; 1:1000; Abcam, ab124964). Rabbit
anti-neuronal nitric oxidesynthase (nNOS, 1:400; Abcam, ab76067)
was used to evaluate the number of nNOS-positive nerves in CC. Vas-
cular endothelium in lung and in CC was stained with mouse anti-CD
31 (1:500; Abcam, ab24590). Semiquantitative data of the nerves
involved in penile erection by calculating the ratio of the number of
nNOS-positive fibers to phalloidin-positive area. Cell nucleus were
stained with 40,6-diamidino-2-phenylindole (DAPI; Invitrogen,
Carlsbad, CA, USA).

Because of the expression of GFP, the retaining ADSCs in the dis-
sected lungs could be observed directly using an inverted fluores-
cence microscope. The lungs of rats who died suddenly during or
immediately after ICI were stained with hematoxylin�eosin staining.
Slides were photographed and recorded using a LEICA DFC 425 C digi-
tal microscope camera system (Leica). Computerized histomorpho-
metric analysis was performed using the Image-Pro Plus 6.0 software
(Media Cybernetics).
2.6. Lentivirus transfection and in vivo bioluminescence imaging

Lentivirus vector pCDF-MSCV-Flu-EF1-GFP-T2A-Puro was con-
structed. Then, packing plasmids pMD2.G and psPAX2 were
employed for co-transfecting 293T cells with lentivirus vectors at the
ration of 1:2:3. A total of 1.5ug plasmids were used for one well of
6-well plate. Lentiviral particles were collected at 48 h and 72 h after
trensfection. Ultrafiltration Tube was used for lentivirus concentra-
tion. Lentivirus were added into ADSCs at MOI of 10~20 and incu-
bated for 24 h. The successfully infected cells were screened by
puromycin.

Bioluminescence imaging was performed using a Xenogen IVIS
100 imaging system. Rats were anesthetized by 3% pentobarbital
sodium. 50 mg/kg D-luciferin (Thermo) was intracavernously
injected before imaging and cell suspensions were supplemented
with 300 mg/mL D-luciferin. Imaging was performed immediately as
well as at 10 min, 60 min and 3 days after ICI. Signals were acquired
for 1 min until peak signal was observed. Fluorescence signal from a
fixed region of interest was estimated using the Living Image 4.0 soft-
ware (Xenogen).
2.7. Western blot analysis

The cellular protein samples were prepared by homogenization
of penile tissue in a lysis buffer containing 1% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% sodium docecyl sulfate, aprotinin
(10 mg/mL), leupeptin (10 mg/mL), and phosphate buffered saline.
The cellular lysates from penis containing 20 mg of protein were
electrophoresed in sodium dodecyl sulfate�polyacrylamide gel
electrophoresis and then transferred to a polyvinylidene fluoride
membrane (Millipore Corp.). Primary antibodies were rabbit anti-
⍺-SMA (1:1000; Abcam), rabbit anti- nNOS (1:400; Abcam) and
rabbit anti-GAPDH (1:2000; cwBio, Lot:01225/50,404). After the
hybridization of secondary antibodies, the resulting images were
analyzed with ChemiImager 4000 (Alpha Innotech Corporation,
San Leandro, CA, USA).
2.8. Statistical analysis

Partial data were expressed as mean § standard deviation and
other data were expressed as mean and Upper/Lower limits. One-
way analysis of variance (ANOVA) followed by Tukey`s post hoc
test was used to identify statistically significant differences among
groups; A two-group comparison was done using t-test. All data
analyses were performed using SPSS statistical software (version
17.0; SPSS Inc.). Values of p < 0.05 were considered statistically
significant.



Fig. 1. Measurement of the traversability of the CC and pulmonary circulation using monodisperse polystyrene microspheres (PSMs). (a) Scheme illustrating the measurement of
the traversability of the CC and pulmonary circulation. (i) ICI of PSMs with different particle sizes. (ii) Blood from postcava was collected immediately as well as 5, 10, and 15 min
after ICI. (iii) Abdominal aortic blood was collected immediately as well as 5, 10, and 15 min after ICI. Arrows indicate the direction of blood flow. (b) Size distribution of PSMs before
injection. Scale bar = 200mm. (c) PSMs detection on blood smears at different time points. Scale bar = 200mm. Inset: magnified image. White arrows indicate red blood cells (RBCs).
Black arrows indicate PSMs. Scale bar = 20 mm. (d) and (e) The number of PSMs larger than 15 mm in diameter detected on postcava blood smear after ICI (per 100 £ field) and the
maximum diameter of PSMs. (f) and (g) Equal detection of PSMs in ventral aorta blood by smear. The data are based on blood cell smears from six animals per group. (h) and (i) The
size of human ADSCs and rat RBCs. The diameter of ADSCs and RBCs was 19.72§ 6.47mm and 5.61§ 0.40mm, respectively. Scale bar = 100mm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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3. Results

3.1. Estimating the pore size in the CC and pulmonary circulation by
PSMs

Blood samples from postcava and ventral aorta were collected
immediately as well as at 5, 10, and 15 min after ICI of PSMs
(Fig. 1a�c). The numbers of PSMs were expressed as mean and
Upper/Lower limits and the maximum mean diameters observed at
different time points were expressed as mean § standard deviation
(Fig. 1d�g). The number of microspheres larger than 15 mm were
rarely detected in the blood from ventral aorta, suggesting lots of
PSMs may have been trapped in pulmonary circulation, When the
abdominal aortic blood was collected immediately after ICI of PSMs,
those with a diameter similar to erythrocytes (approximately
5.61 § 0.40 mm, Fig. 1h and i) were observed. The results indicated
that the maximum pores allowing cell loss were about 80~100 mm in
CC, easy for single-cell ADSCs loss (cell size was 19.72 § 6.47 mm,
Fig. 1h and i); while most of the ADSCs escaping from CC would be
captured in the pulmonary circulation.

3.2. Size-controlled formation of cell spheroids under gravity-enforced
3-dimensional culture

After 3 days of culture, most of cells in hanging drops formed mor-
phologically stable spheroids and thereafter, the appearance of the
spheroids changed little (Fig. S1a and b). The cell number was the
sole factor influencing the sizes of spheroids and they were positively
correlated with the cell numbers ((Fig. S1c). At day 3, the diameters
of the spheroids formed by 500, 1000, 2000, 4000, and 8000 cells
were 107.56 § 25.68 mm, 153.26 § 23.74 mm, 173.20 § 23.30 mm,
232.30 § 19.62mm, and 304.47 § 19.73mm, respectively. The results
indicated that the sizes of spheroids could be controlled by adjusting
stem cells numbers.

3.3. Safety assessment

After ICI of a low dose (0.5 £ 106) ADSCs, no rat death was
observed. However, deaths increased with injected cell doses that 1/
12 (8.3%, cell dose = 1 £ 106), 2/12 (16.6%, cell dose = 2 £ 106) and 3/
12 (25%, cell dose = 4 £ 106) deaths happened within 24 h (Fig. 2a). In
comparison, no death happened after cell spheroid injection even at
high dose.

The PE scores in rats receiving free-cell suspension were increased
with cell doses and significantly higher than those receiving PBS
injection at each dose (P<0.05, Fig. 2b, Tables S1 and S2). No statisti-
cal significance was detected between ASs injection and PBS injection
at each dose (Table S2). As expected, significant PE appeared in lungs
of died rats, which was not detected in PBS-injected rats (Fig. 2c). Sur-
prisingly, PE was detected in all FAs injected rats, while no significant
PE was observed in spheroids injected ones.

To provide direct evidence that PE was resulted from injected
ADSCs, a longitudinally sectioned pulmonary microvessel was identi-
fied under high-magnification microscope (Fig. 2d). As can be seen
from the image, some nucleated cells which may be ADSCs accumu-
lated in the pulmonary microcirculation, resulting in the accumula-
tion of red blood cells in the rear and the formation of embolism.
More importantly, Dil-labeled cells were found in the pulmonary
vessels (Fig. 2e).

3.4. Erectile function evaluation

At 28 days after ICI, the intracavernous pressure (ICP) and mean
arterial pressure (MAP) were determined (Fig. 3a). Compared with
normal SD rats (normal group, 0.69 § 0.03), a sham operation with-
out crushing the CNs (sham group, 0.69 § 0.02) did not affect erectile
function (P > 0.05). At 28 days after the bilateral CNs injury
(0.29 § 0.04), even without ADSCs treatment, the ICPmax/MAPmean

was higher than that measured immediately after injury
(0.19 § 0.03), which suggested that erectile function partially and
spontaneously recovered 28 days after CNs injury. At the same cell
dose, ICI of ASs improved erectile function better than that of FAs
(Fig. 3b and c). Dose-dependent improvement of erectile function
was significantly different between ASs and FAs injection. In ASs
injection groups, when the total cell number reached 1 £ 106, the
ICPmax/MAPmean value reached the maximum and no further
improvement was detected with the increasing cell dose. However,
dose-dependent improvement of erectile function in FAs injection
groups was detected from the lowest does to the highest does. An
explanation for the phenomenon may be that 1 £ 106 cells were
enough for neurogenic ED when ASs were used as cells could be
effectively retained in CC. However, higher doses of FAs must be used
to achieve similar efficacy as ease loss of free cells from CC.

3.5. Histomorphometric and western blotting analysis

The nNOS-expressing nerves can relax the smooth muscle of CC
through the NO-cGMP signaling pathway and play a key role in main-
taining an erection. After ICI, both ASs and FAs improved the nNOS
levels compared with control as assessed by immunostaining and
western blotting (Fig. 4a and b). It was showed that the number of
nNOS-positive nerve fibers per phalloidin-positive area (nNOS/Pha)
was significantly lower in rats with CNs injury (CNI) than that in
sham (Fig. 4c). At the same cell-dose, the ASs group had a relative
higher nNOS level than the FAs group (Fig. 4d). The dose-dependent
improvement of nNOS in ASs- and FAs- injected groups were similar
to that of erectile function. No significant difference of a-SMA expres-
sion was detected between AS- and SA-injected groups (Fig. 4e).

3.6. The fate of stem cells after ICI

As demonstrated in Fig. 5a, stem cell fate after ICI was tracked by
bioluminescent (BLI) imaging at several time points. After ICI, the ini-
tial BLI signal was significantly higher in the ASs group than that in
the FAs group (Fig. 5b and c), suggesting that many free ADSCs had
already escaped from CC immediately after ICI. The BLI signal decayed
rapidly in FAs-injected group, which was only 31.55% of the starting
value at 60 min (Fig. 5d). In comparison, the BLI signal in ASs-injected
group was not significantly altered within 60 min. Three days later, a
relatively strong BLI signal remained detectable in the ASs-injected
group, while only a weak one was detected in the FAs-injected group
(Fig. 5b and e).

To determine the fate of the escaped ADSCs, the heart, lungs, liver,
and kidneys of animals were harvested for imaging after ICI of ASs or
FAs (Fig. 6f and g). The BLI signal was found only in the lungs of the
animals receiving FAs injection (Fig. 5g). Histological detection under
fluorescent microscope provided further evidence that lots of GFP-
positive ADSCs appeared only in lungs of FAs injected animals
(Fig. 5k). The results indicated that size-specific ASs were effectively
trapped within CC, while numerous FAs escaped from CC and were
captured in lung.

3.7. The cause underlying the therapeutic benefit after ICI of free ADSCs

Though the pore size in CC was much larger than the diameters of
ADSCs, a small portion of FAs was still successfully trapped within CC
after ICI. We supposed it may be due to the self-aggregation of FAs
before ICI, because cells must be suspended at high concentration
and transported for injection. For verification, suspended FAs were
observed under inverted microscopy, which showed that self-aggre-
gation occurred with time and was positively correlated with cell
concentrations (Fig. S2).



Fig. 2. Safety assessment. (a) Mortality rate within 24 h after ICI. (b) Scoring of PE formation in each group. Score 0 implied that no pulmonary embolism was observed under micro-
scope (HE staining, 40 £). Score 1 was recorded for thrombus formation in less than 2 sites, score 2 was recorded for thrombosis in 3 sites, and score 3 was recorded for thrombus
formation in no less than 4 sites. * denotes P < 0.05 vs. data from the PBS group (ANOVA analysis). # denotes P < 0.05 vs. data from the same cell-dose ASs group (ANOVA analysis).
(c) Pulmonary embolism detection by H&E staining. Scale bar = 500 mm. (d) Typical formation (upper) and schematic illustration (under) of PE in a pulmonary microvessel. The
accumulation of ADSCs in the pulmonary microcirculation led to hemodynamic change and eventually led to embolism. White boxed area in the left graph is magnified and shown
in the right image. White arrow denotes some nucleated cells in the pulmonary microcirculation. Green arrow denotes a thrombus formed by accumulation of red blood cells. Scale
bar = 200 mm. (e) Dil-ADSCs in the pulmonary vessel. CD 31 staining (upper) for vascular endothelium and a-SMA staining (under) for vascular smooth muscle. Scale bar = 100 mm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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We further supposed that self-aggregated FAs trapped in CC
may work in the similar way, resulting in therapeutic benefit like
trapped ASs. To confirm this, cells were labeled by DiI and placed
in vitro for 60 min before injection. Penises were sampled at differ-
ent time points for tracking the in situ changes of trapped cells. At
12 h after injection, the cells trapped in CC were primarily in the
form of irregular cell clusters, and single cells were rarely seen.
Three days after injection, cell clusters began to disperse, and
some entered the subendothelial tissues. One week after the injec-
tion, ADSCs primarily accumulated near the sinusoidal endothelium
or within the subendothelial tissue. Two weeks after the injection,
ADSCs were rare and primarily distributed in the subendothelial
tissue. The changing patterns were similar between ASs and FAs in
situ except that more DiI-labeled cells could be observed in the
ASs group (Fig. 6a and b).

Two weeks later, immunofluorescence staining was performed to
determine the differentiation of engrafted ADSCs in situ. None of the
ADSCs retained in the CC was detected to express a-SMA, CD31, or
GFAP (see Fig. 6c), suggesting the therapeutic benefits in both groups
may not be due to differentiation of the trapped ADSCs.

4. Discussion

Prostate cancer is one of the most common malignancies among
men, and radical prostatectomy (RP) is a preferred treatment for
patients with early-stage localized prostate cancer. CNs injury-



Fig. 3. Evaluation of erectile function. (a) Left: Representative ICP on electrostimulation of the cavernous nerve. Right: Representative pressure of the carotid artery of each group.
(b) Ratio of maximum ICP to mean MAP. ANOVA analysis was used to identify statistically significant differences among groups; A two-group comparison was done using t-test. (c)
Bar graphs represent the maximum ICP detected at 28 days.
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related erectile dysfunction (ED) was common in clinic, especially for
those who have received RP [1�3,22,23]. Clinically, PDE 5 inhibitors
are the most commonly used drugs in patients with post-RP ED;
however, their efficacy is far from satisfactory [4,5,24,25]. In recent
years, it has been demonstrated by independent studies that ICI of
single-cell suspension of ADSCs had a positive therapeutic effect on
patients with ED [11,26,27]. For clinical application in future, safety
should be firstly considered. However, because of the small number
of patients included in previous studies, the extant data are insuffi-
cient to prove that SC-for-ED therapy is safe. In addition, there were
also lack of thorough investigation about the potential safety issues
of SC-for-ED via ICI in animal experiments.

Several studies have reported that fatal PE events might occur
upon IVI of SCs [15,16]. Different from most of other tissues, CC is a
sponge-like structure where vessels are abundant [17]. Thus, ICI is
essentially similar to IVI, for which the present study provided direct
evidences using PSMs of varying diameters. Measurement of PSMs
from postcava blood and abdominal aortic blood indicated that
injected microspheres rapidly escaped from injection site. More
importantly, the pore size contrast in CC and lung made it of higher
risk for PE formation that vessels in CC allowed larger sizes of cells or
cell clusters (smaller than ~84 mm) to pass than pulmonary microcir-
culation (normally only allowing red blood cells to pass through).

In this study, high incidence of PE was observed in rats receiving
free ADSCs injection though in most cases it was non-lethal. These
results suggested that ICI of stem cells should also be cautiously
treated as IVI. It was noted that high PE risk and animal mortality
were related to high cell doses in the present study. Previously, the
most commonly used cell dose for ICI was 1 £ 106. Below the dose
level, only 1/12 animal death was observed in this study. Such low
mortality may be more likely to be considered as an accident by
investigators but PE risk. It may be why ICI-relayed animal death was
rarely reported in previous studies. Meanwhile, it was difficult to
detect PE unless dissecting the animals. Therefore, the potential risks
(PE or even death) via ICI of stem cells may have been underesti-
mated. To expose the potential risk of ICI, the study set a cell-dose
gradient from 0.5 £ 106 to 4 £ 106 for ICI so as that higher mortality
could be achieved and thus attract more attention to the issue. As
expected, high animal mortality occurred when dose level exceeded
2 £ 106, accompanying with serious PE. The results provided direct
evidence for the risk of ICI. Of course, results from animals were not
equal to human, the above PE risk may be lower in human because of
the larger size of human body that escaped cells from CC could be
more diluted. Despite, the results indicated the existence of PE after
ICI and should be cautiously treated. Several strategies may be helpful
to prevent or reduce PE risk of ICI, including prior vasodilation of the
pulmonary blood vessels, cell number calculation, and controlling
injection speed. In addition, the study suggested that ICI of size-spe-
cific spheroids was safe and provided another way to reduce PE risk
for ICI of stem cells.



Fig. 4. Assessment of the changes in the nNOS-positive nerves and smooth muscles of the CC. (a) Phalloidin staining for actin and immunostaining for nNOS in a penile midshaft
specimen. scale bar = 200 mm. (b) Protein expression of a-SMA and nNOS as evaluated by a Western blot analysis. (c) Semiquantitative quantification of the nNOS-positive fibers
per phalloidin-positive area. * denotes P< 0.05 vs. the sham group (ANOVA analysis). # denotes P< 0.05 vs. the bilateral cavernous nerves injury (BCNI) control group (ANOVA analy-
sis). & denotes P< 0.05 vs. the ASs 500 group (ANOVA analysis). (d) Relative nNOS expression to GAPDH by western blotting. * denotes P< 0.05 (t-test). (e) Relative a-SMA expression
to GAPDH by western blotting. * denotes P< 0.05 (t-test). A total of three replicates were tested, with representative images selected from the similar level and position of penile
midshaft specimen.
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From the data, it is difficult for ADSCs whose diameters are about
19.72 § 6.47 mm to be retained in the CC. The study confirmed that
the retention of stem cells may be due to the self-aggregation before
ICI which would result in larger cell clusters. We supposed this may
be one of the main causes underlying unsteady efficacies in stem
cell-based ED therapy besides other factors as reported previously
[6, 11], because the cell dose and aggregation may vary with studies.
Therefore, we can logically divide the injected FAs into two parts: (1)
the larger cell clusters formed by self-aggregation before ICI which
could be trapped in CC after ICI and could play a key role for ED treat-
ment; (2) the smaller cell clusters and free cells which could escape
from CC and could be intercepted in the lung (see illustrative sche-
matic in Fig. 7). In this study, we found that the ADSCs intercepted in
the lungs existed primarily in the form of single cells, whereas those
trapped in CC existed mostly in the form of clusters. These differences
provide supporting evidence for the above classification.

Thus, strategies preventing cell escape from CC may be significant
for enhancing therapeutic outcomes. In fact, such strategies have
been tried by different groups previously. A typical one was mag-
netic-forced cell retention reported by Lin et al. [28,29]. As expected,
the authors demonstrated even a low‑dose injection of magnetized
ADSCs can result in a therapeutic benefit due to their effective reten-
tion in the penis. However, the cytotoxicity of nanoparticles as well
as the additional damage caused by the implantation and removal of
the magnetic rod are not conducive to future clinical applications.
Injectable scaffolds, e.g., microcarriers of relatively large sizes, may
be helpful to trap ADSCs within CC. At present, several microcarriers
have been reported to deliver cells for therapeutic purpose [30,31],
but it should be noted that even those clinical grade materials need
to be cautiously evaluated when adopted in novel application.

Previously, some researchers have employed less injection volume
and short-term occlusion for ICI, which may be also effective to enhance
cell retention in CC under suitable conditions [32,33]. Theoretically, with
the same cell number, less volume means higher cell concentration, and
higher cell concentration will result in cell aggregation more easily prior
injection as we demonstrated in the study. From the point, less ICI vol-
ume may improve the cell retention in CC after injection, but more pre-
cise syringe and manipulation should be considered to ensure the cell
injection, as the smaller the volume, the more difficult the accurate
injection. In addition, high volume ICI would also increase the risk of
damage to rat penis and thus, less ICI volume needed to be considered
too from the view of minimally invasive. In previous studies
[8,20,21,28], lots of publications employed 200 mL volume for ICI, the
present study also employed the injection volume according to these
references. Though no significant damage to CC was observed, it did
not mean the injection volume was optimal or even suitable. Actually,
there was still lack of an investigation about the optimal volume for ICI
in rat models and therefore, the issue deserved in-depth investigation.



Fig. 5. Tracing the fate of ADSCs after ICI. (a) Schematic representation of the experimental procedure. (b) Representative images of in vivo bioluminescent imaging immediately as
well as 10 and 60 min and 3 days after ICI. (c) Comparable bioluminescent signal from the two groups. (d) The percentage changing of bioluminescent signal during the first 60 min
after injection in the two groups. (e) bioluminescent signal 3 days after injection. (f) Schematic view of the cell fate with blood flow after ICI. i) ICI of ASs. ii) ICI of FAs. Arrows indi-
cate the direction of blood flow. (g) Detection of bioluminescence signal in the heart, lungs, liver, and kidneys after the ICI. (k) Observation of the GFP-ADSCs in the lung tissue using
a fluorescent microscope.
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Moreover, one should keep in mind that published method is not nec-
essarily the best, many other factors should be considered according to
the specific situation when selecting an experimental method. Another
issue needs to be pointed out is that the present study used 25 G nee-
dle for cell injection, considering that smaller gage may limit sphere
size. In fact, 27 or 32 G needle may be more suitable for ICI if only sin-
gle cell suspension was injected.

In Bahk JY and colleagues’ study [11], the penile root of patient was
clamped for 30 min to increase the residence time of transplanted cells.
It may be effective to retain more cells within CC to some extent, but
numerous cells would still escape from CC subsequently because short-
time clamping was not enough for cell adhesion. In the study, we
explored another way to enhance cell retention in CC by injecting cell
spheroids. We found that the ASs group showed a better therapeutic
effect for ED than the FAs group when they had a same cell dose. More-
over, in each ASs group, neither experimental animal deaths nor PE
were found. These results suggested that the use of ASs to retain SCs in
CC created a satisfactory ED treatment effect with fewer SCs, avoiding
the risk associated with PE. Cell trapping within CC was completely
dependent on the large sizes of spheroids which could be controlled by
adjusting cell numbers. In addition, the strategy was easily manipulated
in practice, safe in components and thus should be more conducive for
clinical application.

The underlying mechanisms of enhanced ED therapy by stem cell
spheroids compared with single cells should be multifold, such as
increased cell retention and survival in CC, activated paracrine effect,
cell to cell contact, and so on. The increased cell retention by forming
spheroids was apparent as demonstrated in the study. From previous
reports, forming spheroids would also enhance the anti-apoptotic
capacities of mesenchymal stem cells as well as their paracrine effects
[34�36]. It was because that the inside of spheroids was somewhat a
hypoxic microenvironment. Actually, pre-condition with hypoxia has
been used by researchers to enhance MSC survival after transplantation
[37]. The hypoxic microenvironment within spheroids may play a simi-
lar role like hypoxia-precondition and thus activate the anti-apoptotic
capacity and paracrine effect of mesenchymal stem cells. Meanwhile, it



Fig. 6. Dynamic changes and differentiation of ADSCs after injection into the CC. (a) Dynamic changes of trapped ASs and FAs in CC after injection. Green, red, and blue indicating the
smooth muscle, Dil-labeled ADSCs and cell nuclei respectively. Scale bar = 100 mm. (b) Schematic view of the dynamic morphological changes of the ASs and cell clusters in the CC.
(c) Two weeks after ICI, no differentiation of ADSCs was detected via immunofluorescence. Scale bar = 50 mm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Schematic illustrating the efficacy and safety of FAs and size-specific ASs for ED therapy through ICI. The cavernous sinusoidal structure made it easy for free cells to escape
from CC, leading to reduced therapeutic efficacy for ED and high risk of pulmonary embolism. Conversely, formation of size-specific ASs, whose sizes could be controlled by adjust-
ing cell numbers, is an efficient method to trap stem cells in CC, to improve therapeutic efficacy and to avoid pulmonary embolism.
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has been demonstrated that abundant extracellular matrix was secreted
within cell spheroids, providing a temporary environment for cell sur-
vival after injection and preventing anoikis [35]. Due to the extracellular
matrix within spheroids, it would be easier for cells from spheroids to
adhere in vivo, construct contact with recipient cells and thus promote
tissue repair after transplantation [38].

One may concern that necrosis would occur in transplanted sphe-
roids due to the lack of blood supply. However, the study demon-
strated that cell spheroids would rapidly spread and grow out in situ.
Despite, we still think it would be better if vascularized cell spheroids
could be prepared and deserved in-depth investigation. Of course,
there are also some potential problems that should be paid attention
to, e.g., the microenvironments of the SCs in the outer and inner
layers of the microsphere are different, whether the difference would
result in disparate biological behaviors of ADSCs deserved further
investigation too in the future.

In conclusion, we have clarified the formation of scaffold-free
spheroids, whose sizes could be controlled by adjusting cell numbers,
was an efficient method to trap ADSCs in CC, to improve therapeutic
efficacy and to avoid PE. Our results illustrated that ICI of free ADSCs
should be cautiously manipulated in practice, while ICI of size-spe-
cific spheroids may represent a promising solution and wise choice
for future ED therapy.
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